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The aim of this project is to expand the scope of reactions catalysed by our newly developed 
phase transfer catalyst; pentanidium.  
We were particularly interested in the asymmetric α-hydroxylation reaction because of the 
synthetic utility of the resulting product. In this study, we were able to conduct the α- 
hydroxylation reaction using a variety of substituted indanones as substrates at a moderate to 
excellent ee ranging from 60 % to 90 % albeit at relatively low yields of 45 %. The reactions 
were conduct using molecular oxygen in its triplet state as the sole oxidant. 
In this study, we discovered that phosphite sources which are typically added to such α-
hydroxylation reactions as a reductant may not be a necessity. In fact, the addition of 
phosphite tends to diminish the ee of the reaction. We also discovered that the addition of 
NaNO2 enhances the ee of the reaction dramatically.  
Besides indanones, α−β unsaturated tetralones are also suitable substrates for the α-
hydroxylation reaction to afford extremely interesting product molecules. The ee for the 
reaction however is rather low. 
In a nutshell, we have demonstrated the ability of the pentanidium catalyst to catalyse the α-
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Green Chemistry and Catalysis 





Chemistry has made a profound impact on society. It is through chemistry that drugs are 
developed, permitting longevity, crop protection and growth enhancement chemicals 
introduced allowing an increase in global food production to meet with the exponential 
increase in world population. In addition, chemistry is also involved in the development of 
waste water treatment to aid in the problem of water contamination and much more. In fact, 
chemistry is present in almost all aspects of our lives. All these remarkable contributions 
however came with a price. Chemistry as it has been practised has resulted in the generation 
of large quantities of waste and other by products which are detrimental to the environment. 
It is with this concern that the concept of green chemistry was developed nearly 21 years 
ago1. 
1.1 Green Chemistry 
Green chemistry is defined as “the design of chemical products and processes to reduce or 
eliminate the use and generation of hazardous substances”2. The concept is encapsulated in a 
set of principles known as the Twelve Principles of Green Chemistry (Figure 1.1.)3. 
1. Prevention. It is better to prevent waste than to treat or clean up waste after it is 
formed. 
2. Atom Economy. Synthetic methods should be designed to maximise the 
incorporation of all materials used in the process into the final product. 
3. Less Hazardous Chemical Synthesis. Whenever practicable, synthetic 
methodologies should be designed to use and generate substances that pose little or no 
toxicity to human health and environment. 
                                                 
1 T.J. Collins, Green Chemistry, MacMillan Encyclopedia of Chemistry, 1st ed., Simon and Schuster Macmillan, 
New York, 1997 
2I. Horvath; P.T. Anastas, Chem. Rev. 2007, 107, 2167  
3 P.T. Anastas, J.C. Warner, Green Chemistry: Theory and Practice, Oxford University Press, New York, 1998 
. 




4. Designing Safer Chemicals. Chemical products should be designed to preserve 
efficacy of the function while reducing toxicity. 
5. Safer Solvents and Auxiliaries. The use of auxiliary substances should be made 
unnecessary whenever possible and when used, innocuous. 
6. Design for Energy Efficiency. Energy requirements of chemical processes should be 
recognised for their environmental and economic impacts and should be minimised. If 
possible, synthetic methods should be conducted at ambient temperature and pressure. 
7. Use of Renewable Feedstock. A raw material or feedstock should be renewable 
rather than depleting whenever technically and economically practicable. 
8. Reduce Derivatives. Unnecessary derivatisation should be minimised or avoided if 
possible. 
9. Catalysis. Catalytic reagents are superior to stoichiometric reagents. 
10. Design for Degradation. Chemical products should be designed so that at the end of 
their function they break down into innocuous degradation products and do not persist 
in the environment. 
11. Real-Time Analysis for Pollution Prevention. Analytical methodologies need to be 
further developed to allow for real-time, in process monitoring and control prior to the 
formation of hazardous substances.  
12.  Inherently Safer Chemicals for Accident Prevention. Substances and the form of 
substance used in a chemical process should be chosen to minimise the potential for 
chemical accidents, including releases, explosions, and fires. 
Figure 1.1. The Twelve Principles of Green Chemistry 
These principles act as guidelines for chemist to design reactions which are greener and more 
efficient thus allowing us to reap the benefits of chemistry without compromising the 
environment. 




It has also caused chemists to reconsider their strategy when planning reactions. Classical 
synthetic route which provides high yield but at the expense of generating large amount of 
waste is less tolerated. Of the 12 principles, catalysis is one of the most viable and easiest 
approaches towards planning and achieving a green reaction. The formation of amide bond is 
a clear demonstration of this. The conventional method for the formation of amide bond, 
typically requires a stoichiometric amount of coupling reagent such as 
dicyclohexylcarbodiimide (DCC) 1 to activate the carboxylic acid which subsequently 
couples with the amine. This method results in the generation of a stoichiometric amount of 
by-product, dicyclohexylurea (DCU) 2 (Scheme 1.1). 
 
Scheme 1.0.1 Classical Amide Bond Formation  
 
Scheme 1.0.2 Milstein’s Catalytic Amide Bond Formation 
In contrast, switching to a catalytic process as reported by Milstein (Scheme 1.0.2)4, 
eliminates the need for stoichiometric reagents and consequently decreases the feedstock 
needed and the waste generated in a reaction. In their work, primary amines are directly 
                                                 
4 C. Gunannathan, B.D. Yehoshoa, D. Milstein, Science, 2007, 317, 790 




acylated by an equimolar amount of primary alcohols with only 0.01mmol of their ruthenium 
PNN pincer complex catalyst 3 to produce amides and molecular hydrogen in high yields and 
high catalyst turnover. 
1.2 Catalysis 
Catalysis plays a central role in chemical transformations. A catalyst functions to accelerate a 
chemical reaction and can also be used to induce selectivity. Catalytic processes are as such 
inevitably greener as they proceed with lower energy input requirement, avoid the use of 
stoichiometric amounts of reagents thereby reducing the quantity of waste generated and they 
also allow reactions to proceed efficiently due to greater product selectivity. 
Due to the advantages that they offer, numerous catalysts are available today. These catalysts 
may be classified according to various criteria: structure, area of application, state of 
aggregation or composition5. One area of catalysis which has witnessed an exponential 
increase in interest and popularity is asymmetric catalysis. This is in response to the 
increasing demand for enantiopure compounds particularly from the pharmaceutical industry. 
Asymmetric catalysis involves the use of chiral molecules to induce enantioselectivity to 
reactions. The 3 main pillars to asymmetric catalysis are biocatalysis, metal catalysis and 
organocatalysis6.  
1.3 Organocatalysis  
Organocatalysis refers to the use of small organic molecules to catalyse organic reactions7. 
This field has experienced a remarkable growth over the past decade because of its 
unprecedented ability to catalyse and induce enantioselectivity to a multitude of reactions. 
This system provides numerous advantages as compared to its counterparts such as enzyme 
                                                 
5 J. Hagen, Industrial Catalysis, 2nd ed., VCH: Weinheim, Germany, 2006 
6 S. C. Pan, B. List, New Concepts for Organocatalysis, ESF Symposium Proceedings, 2, Springer: Berlin, 2008 
7 D.W.C.Macmillan, Nature, 2008, 455, 304 




catalysis or metal catalysis thus explaining the vested interest in it. Small organic molecules 
as opposed to enzymes are comparatively easier to design and synthesise. They are also 
generally stable and robust towards oxygen and moisture unlike metal catalyst thus avoiding 
the need for stringent experimental conditions. The absence of metal too makes it attractive 
for the pharmaceutical industry as it avoids metal contamination. Additionally, 
organocatalysts can be easily incorporated onto a solid support8, thus facilitating their 
recovery and recycling. These make organocatalysts a promising solution to the practice of 
green chemistry. 
1.3.1 Main Branches of Organocatalysis 
Organic molecules are aplenty and they exist with different functionalities. Therefore, there 
are various ways in which these molecules act as catalyst. Broadly, organocatalysis may be 
classified as follows: iminium catalysis, enamine catalysis, Brønsted acid or hydrogen 
bonding activation and phase transfer catalysis. Among these, phase transfer catalysis is 
arguably the most significant as it has witnessed some real time large scale industrial 
applications9 
1.4 Phase Transfer Catalysis 
Phase transfer catalysis refers to the ability of a catalytic amount of transfer agents to 
accelerate chemical reaction between reagents located in different phases of a reaction 
mixture10. The agents are typically salts of onium (ammonium, phosphonium or arsonium) 
cations or neutral complexants of inorganic cations for example, crown ethers, cryptands or 
                                                 
8G. Michekangelo, G. Francesco, N. Rato, Chem. Soc. Rev., 2008, 1666 
9 M. Ikunaka, Organic Process and Research Development, 2008, 698 
10 Dehmlow, E.V; Dehmlow S.S. Phase Transfer Catalysis, 3rd ed.; VCH: Weinheim, Germany, 1993 




polyethylene glycol. The concept of phase transfer catalysis was formally introduced by 
Starks (Scheme 1.0.3)11 in 1971. 
 
Scheme 1.0.3 Reaction of chlorooctane with sodium cyanide  
In his work, Stark was able to accelerate the reaction between 1-chlorooctane with sodium 
cyanide by more than a thousand fold by the addition of a catalytic amount of phosphonium 
salt 4. Besides accelerating the rate of reaction, phase transfer catalysis also offers several 
other advantages. These include simple experimental operations, mild reaction conditions, 
inexpensive and environmentally benign reagents and solvents, and the possibility to conduct 
large scale preparations12. This makes phase transfer catalysis a viable solution to the practice 
of green chemistry. 
1.4.1.1 Mechanism 
Presently, the mechanistic understanding of phase transfer catalysed reaction is rather obscure 
mainly due to the difficulty of investigating biphasic systems and the many complex 
parameters involved in phase transfer catalysis that must be analysed. Phase transfer reactions 
may be classified according to two major categories13: 
1. Reactions involving anions that are available as salts, for example sodium cyanide, 
potassium cyanide, etc. 
2. Reactions involving anions that should be generated in situ, such as alkoxides, 
phenolates, carboanions, etc. 
                                                 
11 C.M. Starks, J. Am. Chem. Soc. 1971, 195 
12 (a) Y.Sasson, R. Neumann, Handbook of Phase Transfer Catalysis, Blackie Academic & Professional: 
London, 1997 (b) M.E. Halpern Phase Transfer Catalysis; ACS Symposium Series 659, American Chemical 
Society: Washington DC, 1997 
13 M. Makosza, Pure Appl. Chem., 2000, 1399 




Depending on the category of reaction, different mechanisms have been proposed to explain 
the reaction pathway. Two very notable ones are the Starks extraction mechanism (Figure 
1.2) and the Makosza interfacial mechanism (Figure 1.3). 
 
Figure 1.2 Starks Extraction Mechanism 
In the Starks extraction mechanism, the phase transfer catalyst has both hydrophobic and 
hydrophilic characteristics and is distributed between the aqueous and organic phases. In the 
presence of the phase transfer catalyst, the reactant anions are transferred from the aqueous 
phase across the interfacial region into the organic phase as an intact phase transfer cation-
anion pair.14 The species exist in their ‘activated’ form in the organic phase thus allowing 
reaction to occur more readily 
 
Figure 1.3 Makosza Interfacial Mechanism 
The Makosza interfacial mechanism on the other hand involves the initial formation of metal 
carboanion at the interface of organic and aqueous phase in the absence of the catalyst. 
Subsequently, extraction of the formed metal carboanion species occurs from the interface 
                                                 
14 .M. Starks, M. Liotta, C.L. Halpern, Phase-Transfer Catalysis, 2nd ed., Chapman & Hall: New York, 1994 




into the organic phase by the action of the catalyst15 allowing contact between the two 
reagents and reaction to take place. 
Although these are the general mechanisms proposed, it is difficult to pin-point the exact 
mechanism by which a reaction occurs. This is especially because phase transfer reactions are 
also affected by numerous factors. These include, type and amount of catalyst, agitation, 
amount of water in aqueous phase, temperature and solvent. These interesting features of 
phase transfer catalysis make it a very attractive tool in organic synthesis as there are many 
parameters which can be adjusted to optimise the reaction conditions.  
1.4.1.2  Chiral PTC 
The demand for chiral molecules has also spurred the development of asymmetric phase 
transfer catalysis. The development takes advantage of the structurally and stereochemically 
modifiable tetraalkylonium ions resulting in the formation of structurally well defined chiral 
catalyst16. The types of chiral phase catalysts available today may be categorised into four 
main groups: those derived from cinchona alkaloids 5, those derived from ephedra alkaloids 
6, the chiral crown ethers 7 and lastly, those without any distinct classification, for example 
Maruoka’s  phase transfer catalysts 8 (Figure 1.4)17.  
 
                                                 
15 K.Maruoka, Asymmetric Phase Transfer Catalysis, 1st ed.; VCH: Weinheim, Germany, 2008 
16 T.Ooi; K. Maruoka; Angew. Chem., Int. Ed., 2007, 4222 
17 M. Starks, M. Liotta, C.L. Halpern, Phase-Transfer Catalysis: Fundamentals, Appications and Industrial 
Perspectives, 2nd ed., Chapman & Hall: New York, 1994 





Figure 1.4 Chiral Phase Transfer catalysts 
The first successful application of chiral phase transfer catalysis was demonstrated by the 
Merck research group in 198418. In their work, N-p-trifluoromethylbenzylcinchoninium 
bromide 9 was used as the chiral PTC to induce enantioselectivity for the methylation of 
phenylindanone 10. The reaction proceeded with excellent yield (95%) and ee (92%) under 
mild reaction conditions (Scheme 1.0.4). The authors proposed that the tight ion pair 
intermediate formed through hydrogen bonding, electrostatic and π-π stacking interactions 
(Figure 1.5) was responsible for the results. 
 
Scheme 1.0.4 Asymmetric PTC methylation of indanone derivative 
 
                                                 
18 (a) U.H. Dolling; P. Davis; E.J. Grabowski, J. Am. Chem. Soc., 1984, 446 (b) U.H. Dolling; E.F. 
Schoenewaldt; E.J. Grabowski, J. Org. Chem, 1987, 4754 





Figure 1.5 Interactions involved in influencing the ee of alkylation reaction 
Following the work from Merck’s group, O’Donnell and co-workers utilised a similar 
cinchona-derived quaternary ammonium salt, N-benzylcinchoninium chloride 11 for the 
alkylation of N-(diphenylmethylene)glycine tert-butyl ester 12 to yield alkylated products 13 
which upon hydrolysis produce α-amino acids. By switching the catalyst to its 
pseudoenantiomer N-benzylcinchonidinium chloride 14, the product could be obtained with 






                                                 
19 (a) S.J. Wu; W.D. Bennett; M.J. O’Donnell,  J. Am. Chem. Soc., 1989, 446 (b) K.B. Lipkowitz; M. W. Baker; 
M.J. O’Donnell, J. Org. Chem, 1991, 5181 
π-π stacking interactions 
hydrogen bonding interaction 




















Scheme 1.0.5 Asymmetric Synthesis of α-amino acids from glycine imine ester 
Mechanistic studies reveal that the origin of the stereoselectivity is from the quaternary 
ammonium center of the cinchonidinium salt. It adopts a tetrahedron configuration thus 
providing effective steric screening by inhibiting the approach of the enolate of imine 12 to 
three faces of the tetrahedron, leaving only one face sufficiently open to allow close contact 
between the enolate of 12 and the ammonium cation of the catalyst (Figure 1.6)20.  
 
                                                 
20S. S Jew; H. Park, Chem Commun. 2009, 7090  





Figure 1.6 Origin of stereoselectivity in cinchona PTCs 
 Despite the tremendous success of the work of O’Donnell in the field of asymmetric phase 
transfer catalysis, no significant follow-up was made on this field. It was only after the work 
of Corey21 and Lygo 22 in 1997 that the field of asymmetric phase transfer catalysis witnessed 
a more vested interest. Independently, they developed a new version of cinchona alkaloid 
catalysts bearing the bulkier N-9-anthracenylmethyl substituent on the quaternary nitrogen 











Figure 1.7 New generation of alkaloid catalysts developed by Lygo (left) and Corey (right) 
Using their system, alkylation of the glycinate Schiff base 12 proceeded with superior 
enantioselectivity to yield the alkylated products 15 with ees up to 94% (Scheme 1.0.6.) 
                                                 
21 F. Xu; M. C.Moe; E .J. Corey , J. Am. Chem. Soc., 1997, 12414 
22 (a) P. G. Wainwright, B. Lygo, Tetrahedron Lett., 1997, 8595, (b) J. Crosby; T.R. Lowdon;  P. G. 
Wainwright; P. G. Wainwright Tetrahedron, 2001, 2931 






































84%, 94%ee . 
 
Scheme 1.0.6. Alkylation of glycinate Schiff base using 3rd generation alkaloid catalysts 
The potential of this system is evident as it has recently been used by the GSK group for the 
large scale asymmetric synthesis of 1.72 kg of β-(4-flurophenyl)-L-phenylalanine 16 with ee 
of 99% (Scheme 1.0.7)23.  
 
Scheme 1.0.7 Large scale enantioselective alkylation of glycinate Schiff base by PTC 
Besides the cinchona alkaloids, remarkable works on asymmetric phase transfer reactions 
were also accomplished by the use of chiral crown ether. In their work, Cram and co-workers 
were able to carry out the Michael addition of keto ester 17 with methyl acrylate 18 using the 
chiral catalyst 19 to give the diester product in 75% yield and 67% ee and a catalyst turnover 
number of 65 (Scheme 1.0.8)24.  
                                                 
23D.E. Patterson; L.A. Jones; C.G. Roper; M. H. Osterhout, Org. Process Res. Dev. 2007, 624 
24 G.D.Y. Sogah; D. J. Cram, J. Chem. Soc., Chem. Commun., 1981, 625 





Scheme 1.0.8 Enantioselective Michael addition using chiral crown ether 
The author rationalized that the reaction proceeded through the complex 20. The steric effect 
of the naphthalene group of the catalyst forces the electrophile to approach the carbanion 
from the opposite side of the potassium ion thus leading to the predominant formation of the 
R-enantiomer of the product (Figure 1.8).  
 
Figure 1.8 Mechanistic rational for the enantioselectivity observed 
Recently, Bakó’s group demonstrated the use of monosaccharide based crown ether 22 to 
carry out the asymmetric Darzen condensation of 2−chloroacetyl furan 21 with aromatic 
aldehydes (Scheme 1.0.9)25 to give the desired products in 5 to 20 hours. This method 
provides a convenient and efficient method to obtain chiral epoxides which are useful 
building blocks for the synthesis of bioactive compounds.  
                                                 
25 T. Holezbauer; G. Keglevich; T. Szabo; P. Soti, T. Vigh, Z. Rapi, P. Bako; Péter Bakó; Tetrahedron Lett., 
2011, 1473 





Scheme 1.0.9 Chiral crown ether catalysed asymmetric Darzen condensation 
Although the ee of the reaction is moderate, (60-85%), the reaction is superior to the earlier 
example reported by Arai26 which uses chiral quaternary ammonium salt. In their example, 
the reaction goes to completion only after a prolonged reaction time of 60 to 200 hours. The 
ees obtained were lower too; 
Among all the PTC described thus far, it is justifiable to consider the C2-symmetric chiral 
quaternary ammonium salts 23 and 2427 developed by Maruoka and co-workers to be the 
most superior ones. The catalyst is a structurally rigid, chiral spiro ammonium salt derived 
from commercially available (S) or (R)-1, 1-bi-2-napthol 25 (Scheme 1.0.10). 
With this scaffold, Maruoka and co-workers have developed various versions of the catalyst 
and were able to catalyse a plethora of base catalysed reactions with extremely high yield and 
selectivity.  
 
                                                 
26Y. Shirai; T. Ishida; T. Shioiri; S. Arai, Chem. Commun., 1998, 49 
27 O. T. Kameda; T. Ooi;  K. Maruoka J. Am. Chem. Soc., 1999, 6519 





Conditions: a) Tf2O, Et3N, DCM. b) MeMgI, NiCl2(PPH3)2, ether. c) NBS, benzoyl peroxide, cyclohexane. d) 
allylamine, MeCN, e) RhCl(PPh3)3, MeCN-H2O. f) K2CO3, MeOH. g) ArB(OH)2, Pd(OAc)2, PPh3, K3PO4, THF 
Scheme 1.0.10 Synthesis of Maruoka’s catalyst 
This catalyst was first successfully applied for the highly efficient enantioselective alkylation 
of the glycinate Schiff base (Scheme 1.0.11). 
 
Scheme 1.0.11 Asymmetric alkylation of glycinate Schiff base using Maruoka’s catalyst 
This reaction demonstrates the immense potential of this catalyst system as the reaction 
proceeds efficiently with a catalyst loading as low as 1 mol%. In fact, the reaction proceeds 
without any erosion of ee even when the catalyst loading was decreased to 0.2 mol % albeit at 
the expense of lower product yield. 
A recent work by the same group is the elegant asymmetric synthesis of piperidine core 
structures starting with asymmetric alkylation of N-(4-chlorophenylmethylene)alanine ester 
25 under phase transfer conditions using catalyst 26 followed by a diastereoselctive reductive 
amination (Scheme 1.0.12)28.  
                                                 
28 T. Kano; T. Kumano; R. Sukamoto; K. Maruoka, Chem. Sci., 2010, 499 





Scheme 1.0.12 Enantioselective production of substituted piperidine core structure 
The authors first did a screening of suitable catalysts (Figure 1.9) for the reaction system. 
Upon selecting the best catalyst, the reaction conditions were optimised to afford the desired 
product in high enantioselectivity of 96%. 
 
Figure 1.9 Catalysts screened for asymmetric alkylation reaction 
Employing this strategy, the group was the first to perform a catalytic asymmetric synthesis 
of the compound Selfotal 27; a potent N-methyl d-aspartate (NMDA) receptor antagonist29. 
The synthesis started from the piperidine core structure 28 synthesised via an asymmetric 
phase transfer catalysed alkylation reaction followed by reductive amination. The compound 
28 subsequently underwent 2 step transformations to yield the desired product 27 in 58% 
yield and 94% ee (Scheme 1.0.13). 
 
Scheme 1.0.13 Synthesis of Selfotel 
                                                 
29 E.W. Childers; R. B. Baudy, J. Med. Chem., 2007, 2557 





From the examples discussed, it is evident that chiral phase transfer catalysis is an attractive 
system for conducting chiral reactions. Besides being able to catalyse a plethora of reactions, 
it might be considered the most viable method to achieve the practise of green and 
sustainable chemistry. 
 






Synthesis of pentanidine and pentanidium catalyst 





Inspired by the immense potential of phase transfer catalysis, our group decided to develop 
our own PTC programme to contribute to this burgeoning field. The discovery of our phase 
transfer catalysts however was serendipitous as we were initially interested to develop a 
novel base catalyst to expand the scope of asymmetric base catalysed reactions. We envisage 
that a catalyst more basic than the bicyclic guanidine 2930 that we have been working with 
over the past years could fulfil our plan of broadening the range of base catalysed reactions. 
This endeavour to develop a more basic catalyst resulted in the creation of a new entity; a 
Brønsted base catalyst which we named: pentanidine. By making subtle modifications to 
pentanidine, we were able to develop its salt, pentanidium which acts as a phase transfer 
catalyst. 
2.1 Pentanidine 
The project to develop the novel Brønsted base catalyst was spearheaded by senior members 
of our laboratory, Dr Fu Xiao and Ma Ting. A collective effort was put up culminating in the 
synthesis of a range of Brønsted base catalyst with the pentanidine scaffold 30.  The catalyst 
is named pentanidine because of the way the 5 nitrogen atoms are bonded in a manner similar 
to guanidine 31 (Figure 2.1). 
 
Figure 2.1 Structures of catalysts  
                                                 
30 D. Leow; C.H. Tan; Synlett; 2010; 1589 




We believe that a catalyst that is simple to prepare and easily modifiable is crucial in order to 
maximise its potential as a catalyst. Pentanidine fulfils these criteria as the synthesis of the 
catalyst is relatively simple involving 7 steps starting from the commercially available chiral 
diamine 32. In addition, the substituents R1 could be easily changed by using different alkyl 
halides during alkylation of the chiral urea. The substituents R2 could be changed by using 
commercially available diamines with different substituents. This allowed us to prepare a 
range of catalysts which could subsequently be screened for reactions. 
2.2 Synthesis of pentanidine 
To the best of our knowledge, there is no reported example of any catalyst with the 
pentanidine scaffold. We were interested to develop a catalyst more basic i.e. with a higher 
pKa than guanidine as this could greatly expand the scope of asymmetric base catalysed 
reactions. We postulated that having a system with 5 nitrogen atoms bonded together might 
allow us to realise our goal.  
The task of synthesising the catalyst was divided among the members of the laboratory. Our 
aim was to synthesise a variety of pentanidines with different substituents on R1 and R2 to 
understand the influence that these substituents may have on the reactions catalysed. The 
synthesis of pentanidine was achieved by following the procedure described in Scheme 2.1. 
 













































































40a: Ar= Ph, R = Bn
40b: Ar= Ph, R= Me
40c: Ar= p-CH3OPh, R= Bn
40d: Ar= p-CH3OPh, R= 2-napthyl
40e: Ar= Ph, R= 2-napthyl  
Scheme 2.1 Synthesis of pentanidine 
The synthesis of the catalyst involves two convergent steps; the synthesis of the guanidine 35 
and the chloride salt 39. These 2 components are then coupled to yield the final product 40. 
In the first step towards the synthesis of the guanidine, the thiourea 33 was formed by 
refluxing the commercially available chiral diamines 32 with carbon disulphide in a MeOH-
water mixture. Upon formation of a white precipitate, a few drops of concentrated HCl were 
added and reflux continued until TLC shows complete consumption of the diamine31. The 
reaction was filtered and the crude product used for the next step. Alkylation of 33 was 
carried out by the addition of methyl iodide to a solution of the thiourea in MeOH at 0°C. The 
reaction mixture was slowly warmed to room temperature and allowed to stir for 18 hours. 
The yellow solid obtained was filtered and used for the next step without purification. NH3 
was next bubbled into a solution of 34 in MeOH in a seal tube at 0°C. Upon bubbling of the 
gas for 30 minutes, the tube was sealed and the reaction was heated to 75°C for 3 days. The 
                                                 
31 Organic Synthesis Collection, 3 , 1955, 394 




white precipitate produced was subsequently basified with a saturated solution of NaOH to 
yield the guanidine 35. 
The second part of the synthesis was adapted from a reported protocol32. The urea 36 was 
synthesised by reaction of the chiral diamine with triphosgene at 0°C. The reaction was fast 
and efficient as the pure urea was produced after 2 hours. Although the use of 
carbonyldiimidazole also gave the desired product, the yield was significantly lower as 
compared to when triphosgene was used. The urea was subsequently alkylated using different 
alky halides thus allowing different substituents to be introduced at R1. The alkylated urea 
was then converted to thiourea 38 using the Lawesson’s reagent. This step is necessary to 
allow the formation of the chloride salt 39. Attempts to directly convert the urea to the 
chloride salt using oxalyl chloride failed with only starting material persisting. The chloride 
salt obtained was then coupled with guanidine 35 by refluxing the two components in MeCN 
for 20 hours in the presence of 4Å molecular sieves to yield the desired catalyst after 
basification with K2CO3. This step could also be conducted by microwave heating at 120°C 
for 30 minutes with MeCN as solvent. Adopting these procedures, our laboratory successfully 
synthesised five different pentanidine catalysts. Dr. Fu Xiao was responsible for 40a, Dr. 
Chen Jie for 40b, Yujun for 40c and 40d while I synthesised 40e.  
2.3 Reactions screened with pentanidine 
Following the synthesis of a range of pentanidines, we set forth to screen potential 
enantioselective base catalysed reaction. As there are a myriad of potential reactions to 
screen, the task was divided among members of the laboratory engaged in this project. In this 
section, I shall only be discussing the reactions which were screened by me. 
                                                 
32 .A. Ryoda, N. Yajima, T. Haga, T. Kumamoto, W. Nakanishi, M. Kawahata, K. Yamaguchi, J. Org. Chem, 
2008, 133 




2.3.1 Aza-Michael Reaction 
The catalytic asymmetric Aza-Michael reaction has received significant attention over the 
last decade. This is because, the resulting chiral β-amino carbonyl compounds are both 
biologically and synthetically very important33. We thus attempted this reaction with our 
newly developed pentanidine catalyst (Scheme 2.2).  
 
Scheme 2.2 Enantioselective Aza-Michael reaction using pentanidine catalyst 
We screened a range of chalcones 41 with various primary and secondary amines using 
different solvents and pentanidine catalysts. Unfortunately, none of the catalyst provided us 
with the desired product 42. In fact, starting material persisted after stirring the reaction for 3 
days at room temperature. 
Table 2.1 Screening of Aza-Michael Reaction 
Entry Catalyst R1 R2 Solvent Results 
1 40a H H DCM no reaction 
2 40b H H DCM no reaction 
3 40e H H DCM no reaction 
4 40a H H toluene no reaction 
5 40a H Me toluene no reaction 
6 40a Me H toluene no reaction 
General reaction conditions: chalcone (0.02 mmol), amine (0.04 mmol), TEA (10 mol%), catalyst (10 mol%), 
solvent 0.1 ml. Reaction conducted at room temperature for 72 hrs. 
                                                 
33 a) E. Juaristi, Enantioselective Synthesis of b-Amino Acids, Wiley, VCH, Germany, 1997; b) P.A. Magriotis, 
Angew. Chem., Int. Ed., 2001, 4377. 




2.3.2 Henry Reaction 
The Henry or nitro-aldol reaction is a useful transformation for the formation of C-C bond34. 
Because of its synthetic utility, we decided to screen this reaction using pentanidine as the 
catalyst (Scheme 2.3)  
 
Scheme 2.3 Enantioselective Henry reaction using pentanidine catalyst 
As with the Aza-Michael reaction, we screened various solvents and aldehydes with the 
pentanidine catalysts. None of the reactions screened provided the desired product after 
prolonged reaction time. These failed reactions made us conclude that the pentanidine 
catalyst is perhaps not more basic than the bicyclic guanidine catalyst as these reactions 
generate the desired products when tested with guanidine. 
Table 2.2 Screening of Henry Reaction 
Entry Catalyst R1 Solvent Results 
1 40a H DCM no reaction 
2 40b H DCM no reaction 
3 40e H DCM no reaction 
4 40a H toluene no reaction 
5 40a Cl toluene no reaction 
6 40a Me toluene no reaction 
General reaction conditions: aldehyde (0.02 mmol), nitromethane (0.03 mmol), TEA (10 mol %), catalyst (10 
mol %), solvent 0.1 ml. Reaction conducted at room temperature for 72 hrs. 
 
                                                 
34 For reviews on asymmetric nitroaldol reactions, see, a) C. Palomo; M. Mielgo, Angew. Chem., Int. Ed., 2004, 
5442 b) J. Boruwa, N. Saikia; P. Barua. Tetrahedron Asymmetry, 2006, 3315. 




2.3.3 Oxo-Michael Reaction 
Among the various Michael addition reactions studied, the oxo-Michael reaction is less well 
studied. This is because of the unreactivity and low acidity of the oxygen nucleophile. 
Previously, our group has made some attempts to carry out this reaction using the bicyclic 
guanidine catalyst and substitutent malemides 43 as Michael acceptor and hydroxyl amine 44 
as donor35. The optimised result obtained was with a yield of 95% and ee of 60%. We 
therefore decided to carry out the Oxo-Michael reaction using the pentanidine catalyst with 
the aim of improving the enantioselectivity of the reaction (Scheme 2.4). 
 
Scheme 2.4 Enantioselective Oxo-Michael reaction using pentanidine catalyst 
We initially performed the reaction in DCM at room temperature using 43 as the acceptor and 
44 as donor. We were encouraged by the fact that the reaction proceeded to give the desired 
product in 70% yield. Unfortunately, the reaction was not enantioselective. 
We went on to screen various solvents and conducted the experiment at lower temperatures. 








                                                 
35 Low Wei Tian. Organocatalytic Conjugate Addition Reaction. Ms Thesis. NUS. 2009 




Table 2.3 Screening of Oxo-Michael Reactiona 
Entry Catalyst R1 Solvent Yield(%)b ee(%)c 
1 40a H DCM 70 0 
2 40b H DCM 68 0 
3 40e H DCM 68 0 
4 40a H toluene 70 0 
5 40a Cl toluene 70 0 
6 40a Me toluene 64 0 
7d 40a H DCM 56 0 
aGeneral reaction conditions: malemide (0.02 mmol), hydroxyl amine (0.013 mmol), TEA (10 mol %), catalyst 
(10 mol %), solvent 0.1 ml. Reaction conducted at room temperature for 72 hrs. .b Isolated yield. c Determined 
by chiral HPLC analysis .dReaction performed at 0°C. 
 
After screening several failed reactions, we decided to set aside the pentanidine catalyst and 
focused our attention to its salt the pentanidium catalyst. 
2.4 Pentanidium 
Pentanidium (Figure 2.2) is a C2-symmetric chiral phase transfer catalyst. It is a very 
attractive phase transfer catalyst as it has a structure that is easily modifiable, a short and easy 
synthesis and it is also a relatively general catalyst as it has the ability to catalyse a diverse 
range of reactions efficiently. 
 
Figure 2.2 Pentanidium Catalyst 
There are 3 possible modifications that can be made to the catalyst. Firstly, the counter anion 
X- could be easily replaced by stirring a solution of the pentanidium salt in DCM with the 




desired inorganic salt for example sodium fluoroborate, sodium hexafluorophosphate, etc. 
Secondly the substituents R1 could be changed by alkylating the nitrogen with different alkyl 
halides. By changing R1, we would be able to change the steric hindrance of the catalyst thus 
affecting its interaction with the substrate. This could have a positive influence on the 
enantioselectivity of the reaction. Finally, R2 could be modified by starting the synthesis with 
substituted chiral diamines bearing different substituents. All these modifications have been 
exploited resulting in the synthesis of a few variants of the catalyst. 
2.4.1  Synthesis of pentanidium 
The synthesis of pentanididium (Scheme 2.5) is very simple involving only 5 steps. 
Throughout the synthesis, only a single column chromatography and a single recrystallisation 
is necessary. The synthesis is also highly efficient with an overall yield of 60%. The entire 
synthesis may be completed in 3 days. Large scale synthesis with up to 400 mg of product 
can be obtained. 
 
Scheme 2.5 Synthesis of the pentanidium salt 
The steps involved in the synthesis of the pentanidium catalyst are similar to that of the 
pentanidine. In fact, the synthesis of the pentanidium is simpler and more concise as it 




involves the coupling of the guanidine 46 with its precursor compound 39. As such, a linear 
synthesis can be adopted for the synthesis of the catalyst. 
The synthetic route shown in Scheme 2.5 however is applicable only when the substituents 
on nitrogen i.e. R is a methyl group. Anything larger than methyl would require an additional 
step of converting the urea 37 to its thiourea before it can be converted to the imidazoline salt 
39. .In addition, our attempts to convert the benzyl substituted imidazoline salt to guanidine 
46 failed using the standard condition described above.  
The pioneer of this project, Ma Ting, also managed to obtain a single crystal structure of 
pentanidium 47a (Figure 2.3) thus confirming its absolute structure.  
 
Figure 2.3 Single crystal structure of the pentanidium salt 47a 
With a phase transfer catalyst in hand, we proceeded to screen potential reactions which 
could be efficiently catalysed by the pentanidium. 
2.4.2 Enantioselective Conjugate Addition Reactions 
Recently, our group has demonstrated the ability of the pentanidium salt to catalyse Michael 
addition reaction between the glycine Schiff base 12 and various α,β−unsaturated acceptors 




for example vinyl ketones 48, vinyl acrylate 49 and chalcones 5036. The reactions proceeded 
efficiently at -20°C in mesitylene using Cs2CO3 as base to produce the desired products in 
respectable yields and enantioselectivity (Scheme 2.6). 
 
Scheme 2.6 Enantioselective conjugate addition reactions using the pentanidium catalyst  
The superiority of the pentanidium catalyst is clearly demonstrated by its ability to catalyse 
gram scale Michael addition reaction between glycine Schiff base 12 and chalcone 51 using 
only 0.05 mol% of catalyst. The reaction proceeded efficiently with insignificant erosion of 
yield and ee (Scheme 2.7). 
 
Scheme 2.7 Large scale Michael Addition reaction 
The successful application of the pentanidium to catalyse the Michael addition reactions 
encouraged us to exploit its potential for other phase transfer reactions. 
                                                 
36 T. Ma; X. Fu; C.W. Kee; L. Zong; Y. Pan; H.K. Wei; C.H. Tan; J. Am. Chem. Soc., 2011, 2828 




2.5 Non-C2 symmetrical phase transfer catalyst 
In order to understand if it is absolutely necessary for the pentanidium to be C2 symmetrical, 
a modified version of the catalyst was synthesised by Ma Ting (Figure 2.4). In this modified 
version, only one part of the catalyst is chiral while the other component is achiral.  
 
Figure 2.4 Non- C2 symmetrical phase transfer catalyst 
This catalyst gave very poor results when used to catalyse the Michael reaction described in 
Scheme 2.6. Only an ee of 13% was achievable under the most optimal conditions37. 
Based on these results it is apparent that both the components of the pentanidium catalyst 
have to be chiral in order for it to efficiently induce enantioselectivity to a reaction.
                                                 
37 Unpublished results 











3. α−hydroxylation reaction 
The α-hydroxyl carbonyl units are valuable building blocks in organic synthesis and such 
structural units are present in many biologically active compounds38. The α-ketoalcohol 
functionality is also an important synthon for the synthesis of a variety of molecules 
including natural products (Figure 3.1)39,40.  
 
Figure 3.1 Natural Product and Biologically Active Compound containing α-hydroxyl 
carbonyl units 
The biological significance of the functionality has prompted various methods for its 
synthesis. These methods differ depending on the oxidation state of the carbon atom adjacent 
to the carbonyl groups and may be categorized as non oxidative (eqns. 1 to 3) or oxidative 
(eqn. 4) (Scheme 3.1)41. 
Equation 1 demonstrates the classical method of preparing optically active α-hydroxy 
carbonyl units involving substitution reaction using optically active α-amino acids42 or 
α−haloamides43. Equation 2 uses the homologation technique in which chiral auxillaries and 
stereodirecting groups incorporated into the substrates are used to induce stereoselectivity44. 
                                                 
38 a) J.K. Whitesell; C.M. Buchanan; J. Org. Chem, 1986, 5443,b) D. Bois; C. S.Hong; E.M. Carreira; Acc. 
Chem. Res. 1997, 364 
39 L.E. Overman, D. Boger; A. Charette; S. E. Denmark; V. Farina; M. Martinelli; S.D. Smith, J. H. 
Rychnovsky; S.W. Rajanbabu; Organic Reactions ;Vol. 62, John Wiley and Sons, Inc.: Hoboken , 2003 
40 T. D. Sheppard; R. M. Myers; M. S. Chorghade; S. V. Ley; Bull. Chem. Soc. Jpn., 2007, 1451 
41 B. C. Chen; F. Davis; Chem Rev. 1992, 919 
42 a) P. Brewester; F. Hiron; J. Howard; P. Rao; Nature, 1950, 116, 178 b) A. Austin; T. Howard; J. Am. Chem. 
Soc., 1961, 3593 c) M. Larcheveque; Y. Petit; Tetrahedron Lett. 1987, 1993 
43 H. Quast; H. Laybach; Chem. Ber. 1991, 2105 
44a) R. Naef; D. Seebach; Helv. Chim. Acta, 1981, 2704 b) J. Ludwig; M. Beeiter; Tetrahedron Lett ,1986, 2731 








































Scheme 3.1 Methods for preparation of α hydroxyl carbonyl units 
Addition of carboanion to α-dicarbonyl compounds has also been used to prepare chiral α-
hydroxy units (eqn. 3)45. 
The last method involves an oxidative method where oxidising agents such as m-
chloroperbenzoic acid (m-CPBA) or chiral N-sulfonyl-oxaziridines are used to directly 
oxidise enolates. 
Although these methods are established and have a large range of substrate tolerance, they 
require the use of stoichiometric amounts of reagents. This is undesirable especially in the 
quest of practising green chemistry. In response to this concern, several groups have 
developed catalytic versions of the α-hydroxylation reaction. Much success has been 
achieved for the achiral version of this reaction. However, the chiral version still faces many 
challenges and setbacks such as inferior yield, ee or limited scope. 
3.1 Examples of α-hydroxy reactions using catalytic amount of reagents 
As early as 1988, the group of Shioiri46 reported on the use of phase transfer catalyst and 
molecular oxygen as oxidant for the α−hydroxylation of ketones (Scheme 3.2).  
                                                 
45 S. Takeuchi; Y. Ohgo; Chem. Lett. 1988, 403 b) K. Tomimori; T. Mukaiyama, Chem. Lett. 1985, 813 
46 M. Masai; A. Ando; T. Shioiri; Tetrahedron Lett ,1988, 2835 












Scheme 3.2 Shioiri’s α−hydroxylation of ketones 
The authors used the commercially available chiral cinchona alkaloid salt 52 derived from 
cinchonine for their reaction as this catalyst proved superior to the other commercially 
available phase transfer catalyst; for example those derived from cinchonidine, ephedrine or 
cyclohexanediamine. Yields of up to 95% and ee of 70% were obtained under optimised 
conditions. Modifications to the substituents on R1 to R3 were made to enhance the 
enantioselectivity but to no success. 
Although the ee obtained is moderate, this work nonetheless represents a major stepping 
stone in conducting a greener version of the α-hydroxylation reaction. The authors made use 
of only a catalytic amount of catalyst and molecular oxygen was used as the oxidant thus 
reducing the amount of waste generated. 
The authors postulated that ion pair formation and π-π interactions between the catalyst and 














Figure 3.2 Interaction between substrate and catalyst 
Following the work of Shioiri, the group of Vries47 demonstrated another example of phase 
transfer catalysed enantioselective α-hydroxylation of aromatic ketones. In their work, the 
authors made use of the chiral monoaza-crown ether 53 as the PTC (Scheme 3.3).  
 
Scheme 3.3 Vries α−hydroxylation of ketones 
The authors screened various crown ethers for the reaction and the best result was achieved 
using the monoaza-crown ether. Although the enantioselectivity achieved was relatively low, 
this reaction is nonetheless interesting as it extends the scope of reactions that can be 
catalysed by phase transfer chiral crown ether catalysts. 
Using similar conditions as Shioiri, the group of Itoh48 was able to conduct the hydroxylation 
of oxindoles with good yields and enantioselectivities (Scheme 3.4). 
                                                 
47 E.F.J. Vries; Lisette Ploeg; M. Calao; J. Brussee; A. V. Gen; Tetrahedron Asymmetry, 1995, 1123 
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Scheme 3.4 Itoh’s α−hydroxylation of oxindoles 
The authors screened several catalysts including Maruoka’s spirobinapthyl quaternary 
ammonium salt28, tartrate-derived bis-ammonium salt49 and cinchonidine derived PTC. It was 
found that the anthracenyl substituted cinchonidine 54 gave the best yield and ee. 
Recently, the group of Gao50 published their work on the use of chiral quaternary ammonium 
salt 52 as phase transfer catalyst for α-hydroxylation of β-oxo esters 55 (Scheme 3.5). 
 
Scheme 3.5 Gao α−hydroxylation of β-oxo esters 
The authors made use of cumyl hydroperoxide 56 as the oxidant for the reaction. A wide 
range of substrates were compatible with the reaction system and high yields and moderate 
enantioselectivities were achieved. 
When reactions were carried out with catalysts having the hydroxyl group protected, the 
enantioselectivities decreased dramatically. The authors thus rationalised that ion-pairing and 
                                                                                                                                                        
48 D. Sano; K. Nagata; T. Itoh; Org. Lett. 2008, 1593 
49 T. Shibuguchi; Y. Fukuta; Y. Akachi; A. Sekine; M. Shibasaki; Tetrahedron Lett. 2002, 9539 
50 L. Ming; D. Jian; Q. Meng, Z. Gao; Eur J Org Chem. 2010, 6525 




hydrogen bonding interactions between the hydroxyl group of the catalyst and the substrate is 
necessary for ensuring high enantioselectivity. 
Besides the use of phase transfer catalyst, there are also reported examples of the use of other 
types of catalyst for the α-hydroxylation reaction. 
The group of Zhong51 performed the α-hydroxylation reaction to β-carbonyl compounds with 
excellent yields and ee using the chiral Brφnsted acid 57 and nitroso compound 58 as oxygen 


























Scheme 3.6 Zhong’s α-hydroxylation reaction of β-carbonyl compounds 
The reaction proceeds through a tandem aminoxylation/N-O bond heterolysis sequence 
(Scheme 3.7). 
 
Scheme 3.7 α-hydroxylation reaction of β-carbonyl compounds via aminoxylation 
Metal complexes too have been used to induce enantioselectivity to the α-hydroxylation 
reaction. The group of Hii52 made use of their diphosphine palladium complex 5953 with 
                                                 
51  M. Lu; D. Zhu; X Zeng; B.Tan; Z. Xu; G. Zhong, J. Am. Chem. Soc., 2009, 4562 




dimethyldioxirane as the oxidant for the efficient hydroxylation of cyclic and acyclic β-
ketoesters with excellent ee of up to 98% (Scheme 3.8). 
 
Scheme 3.8 Hii’s α-hydroxylation reaction of β-ketoesters 
The catalyst used is air and moisture stable thus reaction can be carried out conveniently with 
the use of reagent grade solvents. Furthermore, the reaction is compatible with a large 
substrate scope including acyclic ones which are typically more challenging to hydroxylate. 
In their case, the author only required a longer reaction time to obtain compromised yield and 
ee. 
3.2 Pentanidium catalysed α-hydroxylation reactions 
Although the reported examples of α-hydroxylation reactions have been rather widespread, 
we believe that each of the examples have their own drawbacks. For instance, Shioiri and 
Vries examples are only compatible with a rather limited substrate scope. In the case of Gao’s 
examples an additional oxidant, the cumyl hydroperoxide is necessary for the reaction to 
proceed hence making the reaction conditions less green. Although Hii’s examples appear 
extremely promising it makes use of a metal catalyst which generally is not very favoured in 
the pharmaceutical industries. Our group felt that since this reaction is highly desirable, it was 
worth investigating on ways to optimise its conditions such that it can be conducted 
efficiently and in a green manner. We were particularly attracted by the example reported by 
Shioiri and Vries as we felt that their examples represented the greenest and most efficient 
method to conduct this reaction. The use of molecular oxygen as oxidant is particularly 
                                                                                                                                                        
52 A.M.Smith; D. Billen; M. Hii; Chem. Commun., 2009, 3925 
53 P.H.Phua; J. G. Vries; M. Hii; Adv. Synth. Catal., 2006, 587 




attractive as it avoids the generation of waste and is available readily and cheaply. 
Furthermore, we are very keen to further expand the scope of our newly developed phase 
transfer catalyst the pentanidium. 
3.2.1 Substrates screened 
To determine the substrate scope for our reaction, we first screened a variety of carbonyl 
compound under the desired conditions using tetrabutyl ammounium bromide as the achiral 
phase transfer catalyst. The results of our screen are summarised in Table 3.1.  
Table 3.1. Screening of substrates 
Entry   
1 
 
Reaction goes to completion in 30 mins. 
2 
  
No reaction. Starting material persisted after 4 days. 
3 
 
No reaction. Starting material persisted after 4 days 
4 
 
Reaction goes to completion in 2 hrs. 
5 
 
Starting material decomposed. 












No reaction. Starting material persisted after 4 days 
8 
 
Reaction goes to completion in 1 hr. 
General reaction conditions: substrate (0.1mmol), TBAB (20mol %), 50 % aq NaOH (0.1ml), P(OEt)3 
(0.1mmol), O2 balloon, toluene (0.1ml), room temperature. 
 
Based on the results of our screen, it is apparent that the reaction works well for ketones 
(entries 1, 4, 8) but not for esters. It is also unfortunate that the reaction does not proceed for 
the fluoro substituted ketone (entry 2) as such products are highly desirable building blocks in 
organic synthesis. The results also suggest that the pKa of the acidic proton is not the factor 
affecting the reaction. This is because; the proton of the keto-esters has a lower pka than that 
of the ketones, yet, reaction proceeds smoothly with the ketones but not with the keto-esters.  
3.3 α-hydroxylation reactions with cyclic ketones 
Having determined the substrates that are compatible with our reaction conditions, we went 
on to carry out the chiral version of the reaction using 2-methyl indanone 60 as the standard 
and optimise the reaction conditions to achieve optimal yield and enantioselectivity. 
3.3.1 Reaction Optimisation 
We started off our optimisation studies by screening the reaction with various pentanidium 
salts that our laboratory has developed. 





Scheme 3.9 Pentanidium catalysed α-hydroxylation of 2-methyl indanone 60 
 
Table 3.2 Screening of pentanidium catalysta 
Entry Catalyst Time/h Yieldb (%) eec (%) 
1 
 
18 80 26 
2 
 
18 92 9 
3 
 
18 85 5 
4 
 
18 84 2 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50 % aq NaOH (0.1ml), P(OEt)3 
(0.1mmol), O2 balloon, toluene (0.1ml), room temperature.b Isolated yield. c Determined by chiral HPLC 
analysis. 
The screening of catalyst revealed an interesting result. Firstly, the counter anion plays a 
significant role in influencing the enantioselectivity of the reaction. The ee of the reaction is 
much better with chloride as opposed to the other counterions. Secondly, it seems that the 
ethyl substituted catalyst is less efficient in inducing enantioselectivity to the reaction. A 
concluding statement on the effect of the length of the substituent to the ee however cannot 




be made as yet. Our group has to develop more catalyst such that a thorough study can be 
made on the way the structure of the catalyst affects the ee of the reaction.  
Encouraged by the ee obtained with pentanidium salt 47a, we decided to work on this catalyst 
and proceeded on to optimise other parameters to improve the ee of the reaction. 
We started off our optimisation studies by changing the solvent used for the reaction. The 
results of our optimisation are summarised in Table 3.3. 
Table 3.3 Optimisation studies on effect of solventa 
Entry Solvent Time/h Yieldb (%) eec (%) 
1 DCM 18 77 0 
2 Et2O 18 82 16 
3 hexane 18 80 3 
4 THF 18 80 12 
5 MTBE 18 84 20 
6 toluene 18 88 26 
7 benzene 18 86 28 
8 dioxane 18 65 4 
9 chlorobenzene 18 81 0 
10 m-xylene 18 83 32 
11 p-xylene 18 89 33 
12 mesitylene 18 80 48 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50 % aq NaOH (0.1ml), P(OEt)3 
(0.1mmol), O2 balloon, solvent (0.1ml), room temperature.b Isolated yield. c Determined by chiral HPLC 
analysis. 
As expected, the solvents had a dramatic influence on the ee of the reaction. From the results, 
chlorinated solvents were unsuitable for the reaction as the ee diminished. Etheral solvents 
and aromatic ones provided much better results. Encouraged by the enhanced ee obtained 




with aromatic solvents, we screened all the aromatic solvents we have in our library and were 
very delighted when mesitylene gave a decent ee of 48%. 
Using mesitylene as the solvent of choice, we went on to optimise the base used for the 
reaction. We decided to experiment with both aqueous and solid base and also a range of base 
with different strength. 
Table 3.4 Optimisation studies on effect of basea 
Entry Base Time/h Yieldb (%) eec (%) 
1 NaOH(s) 18 80 36 
2 KOH(s) 18 83 32 
3 50% LiOH(aq) 36 56 45 
4 50% NaOH(aq) 18 80 48 
5 50% KOH(aq) 12 81 43 
6 50% CsOH(aq) 5 88 40 
7 Na2CO3(s) 48 12 32 
8 K2CO3(s) 48 18 35 
9 Cs2CO3(s) 30 15 38 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), aq base (0.1ml) or 25 eqv of solid base, 
P(OEt)3 (0.1mmol), O2 balloon, mesitylene (0.1ml), room temperature.b Isolated yield. c Determined by chiral 
HPLC analysis. 
From the results, we concluded that the reaction proceeded better with aqueous base than 
solid base. This is rather expected as the pentanidium functions as a phase transfer catalyst 
hence the presence of the aqueous medium probably facilitates the transfer of ions for 
reaction to proceed efficiently. 
The base also had to be sufficiently strong in order for the reaction to proceed. This is evident 
from the very low conversions achieved when weak bases such as LiOH and the carbonates 
were used in the reaction.  




With these results, we chose aqueous NaOH as the base of our choice and went on to 
investigate the effect that the concentration of the base had on the reaction.  
Table 3.5 Optimisation studies on effect of base concentrationa 
Entry Concentration of 
NaOH 
Time/h Yieldb (%) eec (%) 
1 5% 24 82 13 
2 10% 20 79 26 
3 25% 18 81 33 
4 50% 18 80 48 
5 80% 18 81 48 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50% NaOH (aq) (0.1ml), P(OEt)3 
(0.1mmol), O2 balloon, mesitylene (0.1ml), room temperature.b Isolated yield. c Determined by chiral HPLC 
analysis. 
Our investigation on the effect of base concentration revealed that the reaction proceeded 
with a higher ee when the concentration of base was higher. The ee however did not increase 
further when the concentration was increased beyond 50% NaOH. With these results, we 
carried on with our optimisation studies using 50% NaOH and went on to investigate the 
effect of temperature on the reaction. 
Table 3.6 Optimisation studies on effect of temperaturea 
Entry Temperature/°C Time/h Yieldb (%) eec (%) 
1 25 18 80 48 
2 0 48 60 28 
3 -20 72 trace - 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50% NaOH (aq) (0.1ml), (0.1ml), 
P(OEt)3 (0.1mmol), O2 balloon, mesitylene (0.1ml). b Isolated yield. c Determined by chiral HPLC analysis. 
Our study on the effect of temperature was rather disappointing. We anticipated an 
improvement to the ee when the reaction temperature was lowered. Unfortunately, both the 
yield and the ee of the reaction decreased. Lowering the temperature to -20°C caused the 




reaction to proceed extremely slowly that only trace amount of product can be detected. With 
this, we decided to carry on with our investigation at room temperature.  
To make the reaction more efficient and the experimental set up simpler, we decided to 
conduct our experiments using just oxygen in air i.e. without additional oxygen source from 
the balloon. This turned out well and the ee of our reaction improved to 54% without 
affecting the rate of reaction or the yield. Thus, we subsequently conduct all our experiments 
with air. Moving on with our investigation, we decided to explore the effect that the 
phosphite might have on the reaction.  
Table 3.7 Optimisation studies on phosphite source 
Entry Phosphite 
Source 
Time/h Yieldb (%) eec (%) 
1 P(OMe)3 18 80 46 
2 P(OPh)3 72 no reaction - 
3 P(OiPr)3 18 81 43 
4 P(OEt)3 18 80 48 
5 without 42 42 68 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50% NaOH (aq) (0.1ml), phosphite 
source (0.1mmol), mesitylene (0.1ml), air, room temperature b Isolated yield. c Determined by chiral HPLC 
analysis. 
The results obtained were rather surprising. A dramatic improvement in ee was achieved by 
conducting the experiment in the absence of any phosphite source. The yield of the reaction 
was however significantly lower. After leaving the reaction for 2 days, only about 42% of 
product was isolated. Leaving the reaction to stir for an additional week does not improve the 
conversion of the reaction. A search of the literature on the role of phosphite revealed to us 




that the phosphite is acting as a reductant to reduce the α-keto peroxide anion intermediate 
formed into the hydroxyl group of the product54. Besides producing less product, the reaction 
conducted without phosphite also gave a side product. This side product was identified as the 
hydroperoxide species. In fact, in entry 5, the ratio of reactant to product to hydroperoxide 
species obtained after 48 hours of reaction was found to be approximately 20% to 40% to 
40%. This result was rather encouraging and intriguing to us and it inspired us to investigate 
the effect that other additives might have on the reaction as well as ways to minimise the 
production of hydroperoxide. 
The results also suggested that there might be an alternative pathway by which the reaction 
goes to give the desired product in the absence of a phosphite source. In fact, there might be 
background oxidation by α-hydroperoxide ketone intermediate that could potentially 
influence the enantioselectivity of the reaction55. We decided to look through the literature to 
search for other similar reaction which uses air or oxygen as an oxidant to improve our 
existing reaction conditions.. In fact, our group has previously reported an example where 
catalytic amounts of NaNO2 was used as a carrier of oxygen for the iodocyclisation of 
alkynes and alkenes56 We therefore conducted the hydroxylation reaction in the presence of 
catalytic amount (10 mol%) of NaNO2. To our delight, the ee of the reaction improved 
significantly by 8%. The yield of the reaction however did not improve. We thus decided to 
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Table 3.8 Optimisation studies on effect of amount of NaNO2a 
Entry Amount of 
NaNO2 (eqv) 
Time/h Yieldb (%) eec (%) 
1 0.1 48 43 76 
2 0.5 48 46 78 
3 1.0 48 41 81 
4 10 48 42 92 
5 25 48 45 91 
6 50 48 42 92 
7d 10 24 76 49 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50% NaOH (aq) (0.1ml), NaNO2, 
mesitylene(0.1ml), air, room temperature b Isolated yield. c Determined by chiral HPLC analysis. dReaction 
performed in presence of 0.01mmol of P(OEt)3. 
From our investigation, we realised that the addition of NaNO2 improved the ee of the 
reaction significantly. In fact, as the amount of NaNO2 added increase, so did the ee. This 
was however true up till the addition of a maximum of 10 equivalence of NaNO2. Beyond 
that, the ee remained relatively constant without any improvement to the yield. These 
investigations also showed that the presence of phosphite in the reaction caused the ee to 
decrease (entry 7). 
We were very thrilled with the results obtained. We next set forth to improve the conversion 
of the reaction. In order to do so, we believed that an understanding of the mechanism of the 
reaction might be necessary. In addition, we did another round of optimisation study using 
the new reaction condition. This was to determine if the addition of NaNO2 or the omission 
of P(OEt)3 might influence the other parameters in the reaction. The second round of the 
optimisation however did not change our results significantly.  




3.3.2 Optimisation studies to improve reaction conversion and yield 
The first approach we took to enhance the yield of the reaction was to increase the amount of 
oxygen available in the reaction mixture. Several methods were deployed to achieve this aim. 
The results are summarised in Table 3.9.  
Table 3.9 Optimisation studies on effect of changing oxygen contenta 
Entry Method Time/h Yieldb (%) eec (%) 
1 Reaction carried 
out with air as 
oxygen source. 
48 42 92 
2 Reaction carried 
out with oxygen 
balloon. 
48 43 85 





48 40 87 
4 Reaction carried 
out by 
introducing 
oxygen at high 
pressure. 
48 42 85 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50% NaOH (aq) (0.1ml), NaNO2 
(10eqv), mesitylene (0.1ml), oxygen source, room temperature.b Isolated yield. c Determined by chiral HPLC 
analysis 
Our attempt to improve the yield of the reaction by varying the method in which oxygen is 
introduced into the reaction was futile as the yield of the reaction did not improve. In fact, in 
most cases, the ee of the reaction decreased.  
The second approach we took to improve the yield of the reaction was to experiment with 
different nitrite sources. 
 




Table 3.10 Optimisation studies on effect of changing nitrite sourcea 
Entry Nitrite Source Time/h Yieldb (%) eec (%) 
1 NaNO2 48 42 92 
2 BaNO2 48 45 89 
3 AgNO2 no reaction - - 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50% NaOH (aq) (0.1ml), nitrite source 
(10eqv), mesitylene (0.1ml), air, room temperature. b Isolated yield. c Determined by chiral HPLC analysis 
From the results of our screening, the nitrite source did seem to have an effect on the 
reaction. This unfortunately however did not result in an improvement in the yield of the 
reaction. Since both barium and sodium nitrite gave similar results, we decided to continue 
using sodium nitrite because of its lower cost. 
Our third attempt to improve the yield of the reaction was by increasing the catalyst loading 
to drive the reaction. 
Table 3.11 Optimisation studies on effect of changing catalyst loadinga 
Entry Amount of 
catalyst/mol % 
Time/h Yieldb (%) eec (%) 
1 10 48 42 92 
2 20 48 42 92 
3 50 48 44 91 
4 100 48 43 92 
5d 50 60 44 90 
aGeneral reaction conditions: substrate (0.1mmol), catalyst, 50% NaOH (aq) (0.1ml), NaNO2 (10eqv), 
mesitylene (0.1ml), air, room temperature. b Isolated yield. c Determined by chiral HPLC analysis. d 10 mol% of 
catalyst was added every 12 hrs for a 5 times. 
The catalyst loading too did not have an effect on improving the conversion hence the yield 
of the reaction. In fact, the use of 1 equivalent of catalyst or introducing the catalyst in a 




stepwise manner too did not have any positive impact. We also attempted to conduct the 
reaction at higher temperatures, but these too did not enhance the rate of reaction. 
Consolidating the results of our optimisation, the α-hydroxylation reaction worked with the 
best ee and yield with mesitylene as solvent, 50% aqueous NaOH as base, 10equivalent of 
NaNO2, pentanidium salt 71 as catalyst and air as the oxygen source. With this result, we 
went on to increase the scope of reaction by using different cyclic ketones as substrates.  
3.3.3 Expanding the reaction scope of pentanidium catalysed α-hydroxylation reaction 
We started off by experimenting with cyclic ketones of various sizes. The reactions were 
conducted following the optimal reaction conditions (Scheme 3.10). 
 
Scheme 3.10 α-hydroxylation reaction with ketones of different ring size 
Table 3.12 Pentanidium catalysed α-hydroxylation of cyclic ketones with different ring sizea 
Entry Product X n Yieldb (%) eec (%) 
1 70a C 1 42 92 
2 70b C 2 58 0 
3 70c O 2 47 39 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50% NaOH (aq) (0.1ml), NaNO2 
(10eqv), mesitylene (0.1ml), air, room temperature, reaction was quenched and purified after 48 hrs. b Isolated 
yield. cDetermined by chiral HPLC analysis. 
From this result, it seems that the reaction works only for the 5-membered ring structures and 
less efficiently for ketones with other ring size. The substrate used for this reaction was 




prepared by the reaction of the ketone with iodomethane in the presence of freshly prepared 
LDA (Scheme 3.11)57.  
 
Scheme 3.11 Methylation of cyclic ketones of various sizes 
The yield of the reaction was relatively poor as the reaction tended to produce the 
dimethylated product despite using limiting amounts of iodomethane. Isolation of the product 
was rather challenging as the Rf of the monosubstituted products 73a-c and the disubstituted 
products are very close. We were unsuccessful in our attempt to methylate the 7-membered 
ring ketone, 1-benzosuberone. 
As the reaction proceeded better with indanones, we went on to focus our attention on α- 
hydroxylation reactions on indanones bearing different substituents on its position 2. We thus 
prepared some substituted indanones by using the procedure from a modified protocol 
(Scheme 3.12)58.  
 
Scheme 3.12 Synthesis of substituted indanones 
Using these steps, we were prepared compounds 71-78. α-hydroxylation reactions were then 
carried out to the substituted indanones (Scheme 3.13). 
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Scheme 3.13 α-hydroxylation reaction with indanones bearing different substituent on 
position 2 
 
Table 3.13 Pentanidium catalysed α-hydroxylation of indanones with different substituents 
on position 2a 
Entry Substrate Time/h Yieldb (%) eec (%) Product 
1 
 
48 46 70 71c 
2 
 
48 43 58 72c 
3 
 
92 41 35 73c 
4 
 
72 44 77 74c 
5 
 
56 43 53 75c 
6 
 




48 42 58 77c 









- - 78c 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50% NaOH (aq) (0.1ml), NaNO2 
(10eqv), mesitylene (0.1ml), air, room temperature, reaction was quenched and purified after the specified no. of 
hours with about 50% conversion. b Isolated yield. cDetermined by chiral HPLC analysis. 
The ee obtained from these reactions ranged from good to moderate with yields of about 
45%. Just like the reaction with substrate 60, the reaction with these species too proceed 
fairly slowly with only about 50% conversion achievable after 2  to 4 days and no further 
conversion observed thereafter. No side product however was detected even when the 
reaction is left stirring for prolong period of time. 
Another avenue for modification which we exploited was to introduce substituents on the 
aromatic ring of the indanones. A variety of indanones bearing electron donating and electron 
withdrawing groups were synthesised (Scheme 3.14)  
 
Scheme 3.14 Synthesis of indanones bearing substituents on aromatic ring 




The synthesis started off with a Wittig reaction between the phosphonium ylide and 
substituted benzaldehyde. The reaction proceeded efficiently producing the desired product in 
excellent yield. Next, we carried out reduction of the double bond. This step however posed a 
problem for us. Compounds bearing halogens on the aromatic ring tended to get 
dehalogenated as well under this reduction condition. We therefore had to work with non-
halogenated aromatic rings only. We planned to subsequently introduce the bromine via 
bromination of the final product. Following the reduction step, we carried out base hydrolysis 
to produce the carboxylic acid. Next, the cyclisation reaction was carried out by reacting the 
acid with polyphosphoric acid59. Although the yield of the reaction is rather low, we 
continued with this protocol as our attempts using other methods for example using 
aluminium chloride did not give the desired products. The substituted indanones were then 
subjected to alkylation via an aldol condensation reaction which was then reduced to produce 
the desired products 79-82. 
These substituted indanones were subjected to α-hydroxylation reactions (Scheme 3.15).. 
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Table 3.14 Pentanidium catalysed α-hydroxylation reactions on indanones bearing 
substituents on aromatic ringa 
Entry Substrate Time/h Yieldb (%) eec (%) Product 
1 
 
60 43 54 79a 
2 
 
60 47 56 80a 
3 
 
60 45 65 81a 
4 
 
60 42 64 82a 
 aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), 50% NaOH (aq) (0.1ml), NaNO2 
(10eqv), mesitylene (0.1ml), air, room temperature, reaction was quenched and purified after the specified no. of 
hours with about 50% conversion. b Isolated yield. cDetermined by chiral HPLC analysis. 
The substituents on the aromatic ring had an influence on the ee of the reaction. However, it 
did not cause any significant increase in the yield or ee of the reaction. In fact, there was no 
clear trend between the effect of the substituents and the ee. Comparing substrates 76 and 84 
for instance, the ee was superior with the presence of the additional aromatic ring. However, 
for the case of substrates 75 and 85, the ee decreased rather significantly with the presence of 
the additional aromatic ring. 
The results obtained from our optimisation studies and expansion of substrate scope had been 
rather dismaying. We thus went on to try to deduce the mechanism of the reaction as this 
might allow us to understand the reason for the poor yield and moderate ee achieved. 
3.4 Mechanism of the α-hydroxylation reaction 
The mechanism of the phase transfer α-hydroxylation reaction has not been well studied. 
There are various pathways by which the reaction may take depending on the state of the 




oxygen molecules. Molecular oxygen can be transferred between its more reactive singlet 
state 1O2 and its non-excited triplet state 3O260. In this study molecular oxygen in its triplet 
state is responsible for the oxidation reaction. Based on the explanation of A. Brian Jones61, 
the strongly basic conditions of the reaction causes it to proceed through a six-membered 





Scheme 3.16 Mechanism for the α-hydroxylation reaction 
We believe that the reaction proceeds by firstly having the base abstracting a proton from the 
ketone to form the enolate 60a. The enolate would form a complex with the pentanidium 
catalyst causing the electrophilic addition of molecular oxygen to the enolate to occur 
predominantly from 1 face of the enolate thus allowing enantioselectivity. The enolate is 
activated by the counterion complexation in a six membered transition state 60b which is 
responsible for effecting the direct oxygenation process. This species breaks down to produce 
the hydroperoxide 60c which subsequently undergoes reduction to afford the product 68. 
Recently, more investigations on this reaction have been continued in our laboratory by a 
                                                 
60 C. Schweitzer; R. Schidmth; Chem. Rev. 2003, 103, 1685 
61 B. Trost; I.Fleming; Comprehensive Organic Synthesis, Vol 7; 5th ed., Elsevier Ltd, Oxford, 2005 




senior member of the laboratory, Mr Yuanyong. In his experiments however, oxindoles were 
used as substrates instead of indanones (Scheme 3.17).  
 
Scheme 3.17 α-hydroxylation reaction of 3 substituted oxindoles 
From his investigations, it is discovered that the reaction proceeded through a two step 
mechanism in which the first step involves the reaction of the oxindole with oxygen to give 
the hydroperoxide which then reacts with another molecule of oxindole to give 2 molecules 
of products. This conclusion was made after a thorough and meticulous study of the reaction 
conditions and the factors affecting it. In fact, it was discovered that the amount of oxygen 
available during the reaction plays a pivotal role in determining the ratio of product to by 
product. The presence of a large amount of oxygen promotes the formation of the hyroperoxy 
species while in limited amount of oxygen, the desired hydroxylated species predominates. 
This is also the reason why this reaction as well as that with the indanones proceeds less 
efficiently at lower temperatures giving mostly the hyroperoxy species. At lower temperature, 
the first step of the reaction is favoured over the second step. 
Although a mechanistic investigation was not conducted on the reaction with the indanones, 
it may be concluded that the reaction follows a similar pathway to that of the oxindole 
species. This is especially because the trends observed from the screening reactions of both 
the substrates follow a similar trend. Hence, the mechanistic study conducted on the oxindole 
species may be extrapolated to the indanones. 




3.5 Miscellaneous substrates 
Besides the substituted indanones, α-β unsaturated ketones are also effective substrates for 
this reaction. In fact, the products achieved from these reactions are highly desirable 
molecules (错误！未找到引用源。).  
 
Scheme 3.18 α-hydroxylation reaction of α-β unsaturated ketones 
From our investigations, the reaction did not proceed for α-β unsaturated ketones bearing 
substituents with chain that is longer than 2 carbon. Also, indanones bearing such substituent 
decomposed when subjected to the same experimental conditions. We did some optimisation 
studies on the reaction to improve its ee but the best result we obtained was with a yield of 
68% and an ee of 18% (entry 3).  
Table 3.15 Optimisation studies on α-hydroxylation reaction of α-β unsaturated ketones 










air 64 0 




air 69 4 




air 68 18 




air 55 6 




air 58 8 




air 55 10 








air 61 15 




air 60 12 




air 58 13 





air 67 15 
11 71 toluene 50% aq 
NaOH 
-20°C air 42 12 




O2 balloon 63 7 
aGeneral reaction conditions: substrate (0.1mmol), catalyst (10mol %), base (0.1ml), NaNO2 (10eqv), solvent 
(0.1ml), oxygen source, reaction was quenched and purified after 48 hrs about 80% conversion. b Isolated yield. 
cDetermined by chiral HPLC analysis. 
As the optimisation work was rather futile, we tried to introduce some modifications to the 
substrate to enhance the ee of the reaction. The substrates were synthesised by reaction of the 













Table 3.16 Synthesis of substituted tetralonesa 
Entry Substrate Time/h Yieldb (%) Product 
1 
 













aGeneral reaction conditions: 2.0mmol substrate, 2.2 mmol acetaldehyde, 1.5eqv NaOMe, 20ml MeOH, room 
temperature. b Isolated yield. 
These substrates were then subjected to α-hydroxylation reactions 
(错误！未找到引用源。). 
O
47a (10 mol%), 50% NaOH





86a, 88a  
Scheme 3.19 α-hydroxylation reaction of substituted tetralones 
No significant improvement to the ee was achieved despite the presence of the substituents on 
the aromatic ring. The ee remained at 18% while the yield decreased to 48%. The reaction 
also proceeded much slower than the unsubstituted tetralones. 
3.6 Summary 
In conclusion, we have demonstrated that the pentanidium salts have the ability to catalyse α-
hydroxylation reactions albeit with relatively poor yield and moderate ee. In order for the 
reaction to be improved, we might have to (perhaps) reinvestigate the design of the catalyst. 
A thorough understanding of the mechanism of the reaction too might assist in optimisation 




of the reaction. More work on reaction optimisation and expansion of its substrate scope for 
example the use of oxindole as substrate is currently undergoing in our laboratory.  




























4. Experimental Section 
4.1 General Remarks 
Chemicals and working techniques 
Unless otherwise stated, all reagents were obtained from Acros, Aldrich, Alfa Aesar, Fluka, 
Merck or TCI America and used without further purification. Commercial anhydrous solvents 
were used throughout and transferred under an nitrogen atmosphere. Additionally, DCM was 
dried by distillation over CaH2, and THF was dried by distillation over sodium benzophenone 
ketyl. Absolute triethylamine and diisoproylamine were distilled over CaH2 prior to use. All 
reactions except α-hydroxylation reactions were performed under nitrogen atmosphere and 
stirred magnetically in oven-dried glassware fitted with rubber septa. Inorganic salts and 
acids were used in aqueous solution and are reported in % w/v. 
NMR spectroscopy 
All spectra were measured on a Bruker Avance ACF 300 or Bruker Avance AMX 500 
spectrometer. The Bruker Advance 300 spectrometer operated at 300 MHz for the 1H and 75 
MHz for 13C nuclei, respectively. The Bruker Advance 500 spectrometer operated at 500 
MHz for the 1H and 125 MHz for 13C nuclei, respectively. Spectra were recorded at 295 K in 
CDCl3 unless noted otherwise. Chemical shifts are calibrated to the residual proton and 
carbon resonances of the solvents: CDCl3 (δH = 7.26 ppm, δC = 77.0 ppm). Data are reported 
as follow: chemical shift (multiplicity: s = singlet, d = doublet, t = triplet, dd = doublet of 
doublet, m = multiplet, b = broadened, J = coupling constant (Hz), integration). 
Mass spectrometry 
Low resolution mass spectral analyses were recorded on Finnigan LCQ (ESI ionisation 
source). High resolution mass spectral analyses were recorded on Finnigan MAT95XL. The 
used mass spectrometric ionisation sources were electron impact (EI) and electrospray 




ionisation (ESI). Low resolution mass is reported as follow: ionisation sourceionisation mode: 
found mass (percent of adduct). 
Chromatographic methods 
Analytical thin layer chromatography (TLC) was performed on pre-coated with silica gel 60 
F254 glass plates (Merck). The compounds were visualised by UV254 light. Non-UV active 
compounds were visualized by staining the developed glass plates with an aqueous solution 
of ceric ammonium molybdate or an aqueous solution of potassium permanganate (heating 
with a hot gun). Staining solutions were prepared as follow: Ceric ammonium molybdate: 
24 g ammonium molybdate [(NH4)6Mo7O24•4H2O] and 0.5 g Ce(NH4)2(NO3)6 were dissolved 
in 400 mL of aqueous 10% H2SO4. Potassium permanganate: 2.5 g KMnO4 and 12.5 g 
Na2CO3 in 250 mL H2O. 
Flash column chromatography was performed using Merck 60 (0.040 - 0.063mm) mesh silica 
gel. 
Enantiomeric excesses were determined by chiral HPLC analysis on Jasco HPLC units, 
including a Jasco DG-980-50 Degasser, a LG-980-02 Ternary Gradient Unit, a PU-980 
Intelligient HPLC Pump, UV-975 Intelligient UV/VIS Detectors, and an AS-950 Intelligient 
Sampler. 
4.2 Preparation and characterisation of pentanidium catalyst 
Pentanidine 40 was prepared following the reported literature protocol62. 
 
 (4S-5S)-4-5-diphenylimidazolidin-2-one (36). To a solution of chiral diamine 
32 (2.0 g, 9.4 mmol, 1.5 eqv) in 30 ml of CH2Cl2 at 0°C was added Et3N (2.0 
ml, 14.3 mmol, 2.3 eqv). Next, triphosgene (1.86 g, 6.3 mmol, 1.0 eqv) 
dissolved in 10 ml of CH2Cl2 was added. After 2 hrs, the reaction was quenched by addition 
                                                 









of water. The aqueous layer was extracted 3 times with CH2Cl2 and the combined organic 
layers were washed with water, dried over Na2SO4 and evaporated under vacuum. The off-
white solid 36 (2.25 g, 93%) obtained was used for the next step without further purification. 
1H NMR (500 MHz, CDCl3) δ 7.27 (m, 10H), 5.26 (bs, 2H), 4.20 (s, 2H). 
 (4S-5S)-1,3-dimethyl-4-5-diphenylimidazolidin-2-one (37). To a solution of 
36 (2.1 g, 8.8 mmol, 1.0 eqv) in 40 ml of THF at 0°C was added NaH (1.4 g, 
35.2 mmol, 4.0 eqv). The reaction was allowed to stir for 30 mins before MeI 
(2.0 ml, 32.6 mmol, 3.7 eqv) was added. After 4 hrs, the reaction was quenched by addition 
of MeOH/H2O (1:1). The aqueous layer was extracted 3 times with Et2O and the combined 
organic layers were washed with water, dried over Na2SO4 and evaporated under vacuum. 
The residue was purified by silica gel column chromatography (hexane/EtOAc, 1:1) to afford 
compound 37 (2.58 g, 91%) as white solids.  
1H NMR (500 MHz, CDCl3) δ 7.39 (m, 6H), 7.14 (m, 4H), 4.08 (s, 2H), 2.70 (s, 6H). 
 
 (4S, 5S)-2-chloro-1, 3-dimethyl-4-5-diphenyl-4,5-dihydro-1H-imidazol-3-
ium (39). To a solution of 37 (850 mg, 3.0 mmol, 1.0 eqv) in toluene at room 
temperature was added (COCl)2 (3.0 ml, 33 mmol, 11 eqv). The reaction 
mixture was subsequently refluxed to 85°C for 18 hrs. The white solid 39 (900 mg, 65%) 
obtained was filtered and used immediately for the next step without purification. 1H NMR 
(500 MHz, CDCl3) δ 7.44 (m, 10H), 4.08 (s, 2H), 2.70 (s, 6H); LRMS (ESI) m/z 285.2 ([M-
Cl-])+. 
 
 (4S, 5S) -1, 3-dimethyl-4-5-diphenylimidazolidin-2-imine (46). To a solution 


















bubbled NH3 gas continuously for 30 mins. The sealed tube was heated to 80 °C for 2 hrs. 
The reaction was then cooled to room temperature before being quenched by the addition of 
H2O. The aqueous layer was extracted 3 times with CH2Cl2 and the combined organic layers 
were washed with water, dried over Na2SO4 and evaporated under vacuum. The brown solid 
46 (320 mg, 58%) obtained was used for the next step without purification. 1H NMR (500 
MHz, CDCl3) δ 7.43 (m, 10H), 4.40 (s, 2H), 3.19 (s, 6H); LRMS (ESI) m/z 266.3 (M + H+). 
 
 (4S, 5S) -2-(((4S, 5S) -1, 3-dimethyl-4-5-
diphenylimidazolidin-2-ylidene)amino)-1,3-dimethyl-4,5-
diphenyl-4,5-dihydro-1H-imidazol-3-ium (47a). To a solution 
of 46 (200 mg, 0.75 mmol, 1.0 eqv) in 4.0 ml of CH3CN 
containing 100 mg of 4 Å molecular sieves was added 39 (290 mg, 0.9 mmol, 1.2 eqv) 
followed by Et3N (0.1 ml, 0.75 mmol, 1.0 eqv). The reaction was stirred at room temperature. 
After 18 hrs, the reaction was quenched by addition of water. The aqueous layer was 
extracted 3 times with EtOAc and the combined organic layers were washed with water, 
dried over Na2SO4 and evaporated under vacuum. The residue was purified twice by silica 
gel column chromatography (CH2Cl2/MeOH, 9:1) to afford compound 47a (150 mg, 48%) as 
white solids. 1H NMR (500 MHz, CDCl3) δ 7.39 (m, 12 H), 7.27 (m, 8H), 4.71 (s, 4H), 2.97 
(s, 12H); 13C NMR (125 MHz, CDCl3) δ 159.68, 135.73, 129.50, 127.88, 72.88, 32.75;  
LRMS (ESI)  m/z 514.5 ([M-Cl-])+. 
4.3 Synthesis and characterisation of starting material used for α-
hydroxylation reactions 
 
 2-methyl-3,4-dihydronaphthalen-1(2H)-one (69a). To a solution of 34 ml 


















78°C was added tetralone (200 mg, 1.37 mmol, 1.0 eqv). The reaction was stirred for 40 mins 
before MeI (0.2 ml, 1.37 mmol, 1.0 eqv) was added dropwise. The reaction was allowed to 
warm to room temperature and stir for 18 hrs before it was quenched by the addition of 
saturated NH4Cl. The aqueous layer was extracted 3 times with Et2O and the combined 
organic layers were washed with water, dried over Na2SO4 and evaporated under vacuum. 
The residue was purified by silica gel column chromatography (hexane/EtOAc, 50:1) to 
afford compound 69b (20 mg, 12%) as pale pink liquid. 1H NMR (500 MHz, CDCl3) δ 8.04 
(d, J = 10.0 Hz, 1H), 7.47 (t, J = 10.0 Hz, 1H), 7.42 (m, 2H), 3.04 (m, 2H), 2.62 (m, 1H), 
2.22 (m, 1H), 1.94 (m, 1H), 1.28 (d, J = 10.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) 
δ 200. 87, 144.30, 133.17, 133.08, 132.51, 128.80, 128.06, 127.49, 126.68,  
126.64, 42.74, 36.71, 31.48, 28.93, 25.79, 24.44, 15.53. 
 
2-ethyl-2,3-dihydro-1H-inden-1-one (71). To a solution of 10 ml of 
MeOH containing NaOMe (367 mg, 6.8 mmol, 1.8 eqv) was added 
acetaldehyde (0.24 ml, 4.15 mmol, 1.1 eqv). The reaction was stirred for 30 
mins before indanone (500 mg, 3.78 mmol, 1.0 eqv) dissolved in 10 ml of MeOH was added 
slowly using a syringe pump. After 12 hrs, the reaction was quenched by addition of 1M HCl. 
The aqueous layer was extracted 3 times with CH2Cl2 and the combined organic layers were 
washed with water, dried over Na2SO4 and evaporated under vacuum. The residue was 
purified by silica gel column chromatography (hexane/EtOAc, 25:1) to afford compound 71b 
(158 mg, 23 %) as yellow solid. Compound 71b was subsequently subjected to 
dehydrogenation. To a solution of 71b (158 mg, 1.0 mmol, 1.0 eqv) in 4.0 ml of MeOH was 
added Pd/C (10% w/w). The reaction was kept under a blanket of hydrogen gas for 2 hrs. 
Reaction was subsequently filtered through a short celite pad and the filtrate concentrated by 
rotary evaporation. The residue was purified by silica gel column chromatography 
O
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(hexane/EtOAc, 15:1) to afford compound 71 (145 mg, 90%) as yellow solid. 1H NMR (500 
MHz, CDCl3) δ 7.73 (d, J = 10.0 Ηz, 1H), 7.57, (t, J = 10.0 Hz, 1H), 7.44 (d, J = 5.0 Hz, 1H), 
7.35 (t, J = 10.0 Hz, 1H), 3.32 (t, J = 10.0 Hz, 1H), 2.82 (dd, J = 5.0 Hz, 20.0 Hz, 1H), 2.61 
(m, 1H), 1.98 (m, 1H), 1.55 (m, 1H), 1.00 (t, J = 5.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) 
δ 209.02, 153.90, 137.02, 134.69, 127.36, 126.62, 123.88, 48.82, 32.40, 24.54, 11.67. 
Compounds 73-78 were prepared using protocol similar to that for the preparation of 71. In 
all cases, 500 mg, 3.78 mmol, 1.0 eqv of indanone, 4.16 mmol, 1.1 eqv of aldehyde and 367 
mg, 6.8 mmol, 1.8 eqv of NaOMe were used. Subsequently, 1.0 mmol of compounds 72b-
78b were subjected to dehydrogenation.  
 2-butylidene-2,3-dihydro-1H-inden-1-one (73). Yellow solid (180 
mg, 28%). 1H NMR (500 MHz, CDCl3) δ 7.83, (d, J = 10.0 Hz, 1H), 
7.56 (t, J = 10.5 Hz, 1H), 7.45 (d, J = 5.0 Hz, 1H), 7.34 (t, J = 10.0 Hz, 
1H), 6.87 (m, 1H), 3.62 (s, 2H), 2.29 (m, 2H), 1.57 (m, 2H), 0.97 (t, J = 5.0 Hz, 3H). 
2-isobutyl-2,3-dihydro-1H-inden-1-one (74). Colourless oil (160 mg, 
24%). 1H NMR (500 MHz, CDCl3) δ 7.21 (m, 2H), 7.15 (m, 2H), 3.06 
(t, J = 5.0 Hz, 2H), 2.60 (m, 3H), 1.71 (m, 1H), 1.44 (m, 2H), 0.96 (t, J = 
2.0 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 143.83, 126.12, 124.48, 45.38, 39.70, 38.37, 
 26.92, 22.97. 
2-(2-ethylbutylidene)-2,3-dihydro-1H-inden-1-one (75). Off white 
solid ( 305 mg, 52%). 1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 10.2 
Hz, 1H), 7.60 (t, J = 20.5 Hz, 1H), 7.50 (d, J = 11.5 Hz, 1H), 7.41 (t, J 
= 10.0 Hz, 1H), 6.67 (dd, J = 5.0 Hz, 12.5 Hz, 1H), 3.68 (s, 2H), 2.25 (m, 1H), 1.62 (m, 2H), 











δ 193.42, 149.74, 142.81, 139.13, 136.79, 134.48, 127.60, 193.42, 149.74, 142.81, 139.13, 13
6.79, 134.48, 127.60, 193.42, 149.74, 142.81, 139.13, 136.79, 134.48, 127.60. 
2-(3-phenylpropyl)-2,3-dihydro-1H-inden-1-one (76). Yellow solid 
(280 mg, 45%)  1H NMR (500 MHz, CDCl3) δ 7.60 (d, J = 90.0 Hz, 
1H), 7.41 (t, J = 5.0 Hz, 1H), 7.38 (t, J = 5.4 Hz, 2H), 7.17 (t, J = 11.2 
Hz, 2H), 7.15 (m, 2H), 3.27 (dd, J = 14.8 Hz, J = 55.0 Hz, 2H), 2.63 (m, 2H), 1.78 (m, 4H); 
13C NMR (125 MHz, CDCl3) δ 208.12, 151.64, 141.86, 135.98, 134.32, 128.50, 
 128.47, 128.03, 126.81, 126.01, 124.86, 79.87, 40.28, 38.36, 36.14, 25.50. 
 
2-(cyclohexylmethyl)-2,3-dihydro-1H-inden-1-one (77). Pale pink 
solid (300 mg, 46%). 1H NMR (500 MHz, CDCl3) δ 7.75, (d, J = 10.0 
Hz, 1H), 7.58, (t, J = 5.0 Hz, 1H), 7.55 (t, J = 5.0 Hz, 1H), 7.37 (t, J = 
5.0 Hz, 1H), 3.35 (m, 1H), 2.81 (m, 2H), 1.89 (m, 7H), 1.47 (m, 1H), 1.31 (m, 1H); 13C NMR 
(125 MHz, CDCl3) δ 209.64, 153.83, 136.89, 134.69, 127.41, 126.64, 124.02, 45.44, 39.37, 
 36.24, 34.35, 33.62, 32.60, 26.69, 26.53, 26.41. 
 
2-benzyl-2,3-dihydro-1H-inden-1-one (78). Yellow solid (400 mg, 
77%). 1H NMR (500 MHz, CDCl3) δ 7.58 (d, J = 4.3 Hz, 1H), 7.43 (t, 
J = 5.5 Hz, 1H), 7.41 (m, 6H), 3.45 (dd, J = 5.0, 14.8 Hz, 2H), 3.21 (m, 
1H), 3.05 (m, 1H), 2.91 (dd, J = 5.1, 15.7 Hz, 1H), 2.72 (m, 1H); 13C NMR (125 MHz, 
CDCl3) δ 207.84, 153.70, 139.72, 136.63, 135.88, 128.97, 128.60, 127.50, 126.66, 











Compounds 79-82 were obtained via a 6 steps synthesis. The procedures of the individual 
steps are described below. 
 
Methyl 3-(4-methoxyphenyl)acrylate (79b) To a solution of 4-
methoxy benzaldehyde (0.9 ml, 7.3 mmol, 1.0 eqv) in 50 ml of 
CH2Cl2 was added methyl-2-(triphenylphosphoranylidene)acetate 
(3.6 g, 10.5 mmol, 1.5 eqv). The reaction was refluxed for 4 hrs after which it was quenched 
by the addition of water. The aqueous layer was extracted 3 times with CH2Cl2 and the 
combined organic layers were washed with water, dried over Na2SO4 and evaporated under 
vacuum. The residue was purified by silica gel column chromatography (hexane/EtOAc, 6:1) 
to afford compound 79b as a mixture of E/Z isomers (960 mg, 80%) as white solid. 1H NMR 
(500 MHz, CDCl3) δ 7.66 (d, J = 15.0 Hz, 1H), 7.48 (d, J = 5.0 Hz, 2H), 6.91 (d, J = 10.0 Hz, 
2H), 6.32 (d, J = 14.2 Hz, 1H), 3.83 (d, J = 18.7.Hz, 6H). 
 
 Methyl 3-(4-methoxyphenyl)propanoate (79C). To a solution of 
79b (960 mg, 5.0 mmol, 1.0 eqv) in 40.0 ml of MeOH was added 
Pd/C (5% w/w). The reaction was kept under a blanket of hydrogen gas for 2 hrs. Reaction 
was subsequently filtered through a short celite pad and the filtrate was concentrated by 
rotary evaporation to afford compound 79c (970 mg, 93%) as a white solid which was used 
for the next step without purification. 1H NMR (500 MHz, CDCl3) δ 7.12 (d, J = 10.0 Hz, 
2H), 6.84 (d, J = 10.0 Hz, 2H), 3.78 (s, 3H), 3.66 (s, 3H), 2.91 (t, J = 10.0 Hz, 2H), 2.61 (t, J 














 3-(4-methoxyphenyl)propanoic acid (79d). To a solution of 
compound 79c (970 mg, 5.0 mmol, 1.0 eqv) dissolved in 20 ml of 
MeOH was added 20 ml of 10% aq NaOH. The reaction was 
refluxed at 80°C for 12 hrs, and then was quenched by addition of 1M HCl. The aqueous 
layer was extracted 3 times with EtOAc and the combined organic layers were washed with 
water, dried over Na2SO4 and evaporated under vacuum. The crude off white residue of 79d 
(940 mg, 92%) obtained was used for the next step without further purification. 1H NMR 
(500 MHz, CDCl3) δ 7.13 (d, J = 5.0 Hz, 2H), 6.84 (d, J = 5.0 Hz, 2H), 3.79 (s, 3H), 2.92 (t, J 
= 10.0 Hz, 2H), 2.66 (t, J = 8.5 Hz, 2H); 13C NMR (125 MHz, CDCl3) 
δ 178.63, 158.35, 132.42, 129.37, 114.17, 55.42, 35.94, 29.93. 
 
 6-methoxy-2,3-dihydro-1H-inden-1-one (79e). Polyphosphoric acid (1.6 
g, 5.0 mmol, 5.0 eqv) heated to 90°C was added compound 79d (180 mg, 
1.0 mmol, 1.0 eqv) portion wise. The viscous reaction was stirred for 30 
mins before an ice-water mixture was added. The reaction was allowed to stir for an 
additional 30 mins at room temperature before it was extracted 3 times with CH2Cl2. The 
combined organic layers were washed with water, dried over Na2SO4 and evaporated under 
vacuum. The brown solid obtained was purified by silica gel column chromatography 
(hexane/EtOAc, 8:1) to afford compound 79e (30 mg, 18%) as an off white solid. 1H NMR 
(500 MHz, CDCl3) δ 7.36 (d, J = 5.0 Hz, 1H), 7.19 (s, 2H), 3.83 (s, 3H), 3.07 (t, J = 5.0 Hz, 
2H), 2.71 (t, J = 5.0 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 207.09, 159.55, 148.09, 138.39, 













 2-(2-ethylbutyl)-6-methoxy-2,3-dihydro-1H-inden-1-one (79). 
To a solution of NaOMe (33 mg, 0.6 mmol, 1.8 eqv) in 2.0 ml of 
MeOH was added acetaldehyde (0.04 ml, 0.36 mmol, 1.1 eqv). 
The reaction was stirred for 30 mins before 79e (50 mg, 0.33 mmol, 1.0 eqv) dissolved in 2.0 
ml of MeOH was added slowly using a syringe pump. After 12 hrs, the reaction was 
quenched by addition of 1M HCl. The aqueous layer was extracted 3 times with CH2Cl2 and 
the combined organic layers were washed with water, dried over Na2SO4 and evaporated 
under vacuum. The residue was purified by silica gel column chromatography 
(hexane/EtOAc, 8:1) to afford compound 79f (28 mg, 65%) as colourless oil. Compound 79f 
was subsequently subjected to dehydrogenation. To a solution of 79f (50 mg, 1.0 mmol, 1.0 
eqv) in 4.0 ml of MeOH was added Pd/C (10% w/w). The reaction was kept under a blanket 
of hydrogen gas for 2 hrs. The reaction was subsequently filtered through a short celite pad 
and the filtrate concentrated by rotary evaporation. The residue was purified by silica gel 
column chromatography (hexane/EtOAc, 15:1) to afford compound 79 (28 mg, 98%) 
colourless oil. 1H NMR (500 MHz, CDCl3) δ 7.49 (s, 1H), 7.28 (d, J = 5.0 Hz, 2H), 3.83 (s, 
3H), 3.36 (m, 1H), 2.84 (m, 2H), 1.40 (m, 7H), 0.90 (t, J = 8.0 Hz, 6H). 
Compounds 80-82 were prepared using protocol identical to that of compound 79. In all 
cases, 1.0 mmol of the substituted indanones were used for alkylation using 1.1 eqv of the 
respective aldehydes. The yields reported are based on these values. 
 
2-ethyl-6methyl-2,3-dihydro-1H-inden-1-one (80). Yellow solid (40 
mg, 43%). 1H NMR (500 MHz, CDCl3) δ 7.53 (s, 1H), 7.39 (dd, J = 1.0, 
10.5 Hz, 2H), 3.27 (m, 1H), 2.77 (dd, J = 5.4, 12.5  Hz, 1H), 2.61 (m, 











(81) White solid (50 mg, 45%). 1H NMR (500 MHz, CDCl3) 
δ 8.03 (d, J = 5.0 Hz, 1H), 7.89 (d, J = 9.8 Hz, 1H), 7.67 (t, J = 
5.2 Hz, 1H), 7.56 (m, 2H), 3.43 (m, 1H), 2.89 (m, 2H), 2.16 (m, 1H), 1.59 (m, 6H), 0.95 (m, 
6H). 
2-isobutyl-2,3-dihydro-1H-cyclopenta(b)napthalen-one (82) 
White solid (43 mg, 44%).  1H NMR (500 MHz, CDCl3) δ 9.17 (d, 
J = 10.0 Hz, 1H), 8.02 (d, J = 5.0 Hz, 1H), 7.88 (d, J = 10.0 Hz, 
1H), 7.67 (d, J = 10.0 Hz, 1H), 7.55 (m, 1H), 3.42 (m, 1H), 2.89 (m, 2H), 1.95 (m, 2H), 1.38 
(m, 1H), 1.08 (m, 6H). 
4.4 Typical procedure for the α-hydroxylation reaction and characterisation of 
products 
 
 2-hydroxy-2-methyl-2,3-dihydro-1H-inden-1-one (68). To a solution of 
compound 60 (3.65 mg, 0.025 mmol, 1.0 eqv) in 0.25 ml of mesitylene was 
added pentanidium salt 47a (1.4 mg, 0.0025 mmol, 0.1 eqv), 0.1 ml of 50% 
aqueous NaOH and NaNO2 (18 mg, 0.25 mmol, 10 eqv). The reaction was allowed to stir for 
48 hrs before it was quenched by the addition of 1M HCl. The aqueous layer was extracted 
twice with EtOAc and the combined organic layers were washed with water, dried over 
Na2SO4 and evaporated under vacuum. The residue was purified by silica gel column 
chromatography (hexane: EtOAc 2:1) to afford compound 68 (1.8 mg, 42%) as colourless oil. 
1H NMR (500 MHz, CDCl3) δ 7.76 (d, J = 5.0 Hz, 1H), 7.63 (t, J = 5.0 Hz, 1H), 7.39 (m, 
2H), 3.27 (m, 2H), 3.08 (s, 1H), 1.44 (s, 3H); 13C NMR (125 MHz, CDCl3) 












Chiralcel IC column (4.6 mm x 250 mm); hexane/2-propanol 95/5; flow rate 1.0 ml/min; 
25°C; λ = 254 nm; retention time: 41.3 mins, 44.8 mins. 
Identical protocol was used for all the other α-hydroxylation reactions. In all cases, 0.025 
mmol of substrate was used with 0.1 eqv of pentanidium salt 47a, 0.25 ml of mesitylene and 




Colourless oil (2.0 mg, 52%).  1H NMR (500 MHz, CDCl3) δ 8.00 (d, J = 
7.5 Hz, 1H), 7.52 (t, J = 7.5 Hz, 1H), 7.35 (t, J = 10 Hz, 1H), 7.25 (t, J = 
10 Hz, 1H), 3.79 (s, 1H), 3.12 (m, 2H), 2.36 (m, 1H), 2.19 (m, 1H), 1.75 (m, 2H), 1.63 (s, 
3H); 13C NMR (125 MHz, CDCl3) δ 202. 06, 143.54, 134.05, 130. 44, 129.10, 128.01,  
126.98, 75.92, 33.71, 28.51, 26.62, 24.36; HPLC conditions: Chiralcel IC column (4.6 mm x 
250 mm); hexane/2-propanol 95/5; flow rate 1.0 ml/min; 25°C; λ = 254 nm; retention time: 
32.4 mins, 36.3 mins. 
 
 3-hydroxy-3-methylchroman-4-one (70c). Colourless oil (1.9 mg, 47%). 
1H NMR (500 MHz, CDCl3) δ 7.89 (d, J = 10.0 Hz, 1H), 7.53 (m, 1H), 
7.08 (t, J = 10.0 Hz, 1H), 6.99 (d, J = 10.0 Hz, 1H), 4.31 (d, J = 10.0 Hz, 
1H), 4.21 (d, J = 10.0 Hz, 1H), 3.65 (bs, 1H), 1.46 (s, 3H); 13C NMR (125 MHz, CDCl3) 
δ 196.70, 161.51, 136.76, 127.80, 122.02, 118. 32, 118.10, 74.81, 70.77, 22.63; HPLC 
conditions: Chiralcel IC column (4.6 mm x 250 mm); hexane/2-propanol 95/5; flow rate 1.0 













 2-ethyl-2-hydroxy-2,3-dihydro-1H-inden-1-one (71a). Colourless oil 
(1.6 mg, 46%). 1H NMR (500 MHz, CDCl3) δ 7.76 (d, J = 5.0 Hz, 1H), 
7.63 (t, J = 4.5 Hz, 1H), 7.44 (d, J = 10 Hz, 1Hz), 7.38 (t, J = 5.0 
Hz; 1Η), 3.28 (d, J = 15.0 Hz, 1H), 3.16 (d, J = 15.0 Hz, 1H), 1.76 (m, 2H), 0.93 (t, J = 10 
Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 208.34, 151.73, 135.89, 134.50, 127.96, 126.78, 
 124.76, 80.33, 39.88, 31.66, 8.00; HPLC conditions: Chiralcel IC column (4.6 mm x 250 
mm); hexane/2-propanol 95/5; flow rate 1.0 ml/min; 25°C; λ = 254 nm; retention time: 33.4 
mins, 37.61 mins. 
 
 2-butyl-2-hydroxy-2,3-dihydro-1H-inden-1-one (73a). Colourless oil 
(1.4 mg, 41%). 1H NMR (500 MHz, CDCl3) δ 7.75 (d, J = 60 Hz, 1H), 
7.62 (t, J = 12.0 Hz, 1H), 7.44 (m, 2H), 3.29 (d, J = 15.0 Hz, 1H), 3.17 (d, J 
= 20.0 Hz, 1H), 2.60 (bs, 1H), 1.71 (m, 2H), 1.37 (m, 5H), 0.87 (t, J = 10 Hz, 3H); 13C NMR 
(125 MHz, CDCl3) δ 208.26, 151.69, 135.88, 134.47, 127.97, 126.78, 124.81 80.04, 40.33, 
38.65, 25.84, 23.1413.99; HPLC conditions: Chiralcel IC column (4.6 mm x 250 mm); 
hexane/2-propanol 95/5; flow rate 1.0 ml/min; 25°C; λ = 254 nm; retention time: 29.0 mins, 
34.6 mins. 
 
2-isobutyl-2-hydroxy-2,3-dihydro-1H-inden-1-one (74). Colourless oil 
(1.3 mg, 43%). 1H NMR (500 MHz, CDCl3) δ 7.76 (d, J = 5.0 Hz, 1H), 
7.62 (t, J = 5.0 Hz, 1H), 7.43 (m, 2H), 3.34 (d, J = 5.0Hz, 1H), 3.17 (d, J 














0.95 (d, J = 5.0 Hz, 3H), 0.88 (d, J = 5.0Hz, 3H); 13C NMR (125 MHz, CDCl3) 
δ 208.29, 151.65, 135.85, 134.34, 127.96, 126.79,124.91, 80.21, 46.87, 40.66,  
 24.70, 24.50, 24.30; HPLC conditions: Chiralcel IC column (4.6 mm x 250 mm); hexane/2-
propanol 95/5; flow rate 1.0 ml/min; 25°C; λ = 254 nm; retention time: 23.5 mins, 28.3 mins. 
 
2-(2-ethylbutyl)-2-hydroxy-2,3-dihydro-1H-inden-1-one (75a). 
Colourless oil (1.2 mg, 40%). 1H NMR (500 MHz, CDCl3) δ 7.61 (d, J = 
1.3 Hz, 1H), 7.59 (t, J = 1.25 Hz, 1H), 7.43 (m, 2H), 3.31 (d, J = 20.0 Hz, 
1H), 3.17 (d, J = 20 Hz, 1H), 2.68 (bs, 1H), 1.68 (m, 2H), 1.58 (m, 5H), 0.82 (t, J = 8.0 Hz, 
3H), 0.76 (t, J = 7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 208.17, 151.34, 135.68, 134.33, 
127.83, 126.61, 124.71, 80.39, 41.95, 40.64, 36.28, 26.63, 10.66, 10.54; HPLC conditions: 
Chiralcel IC column (4.6 mm x 250 mm); hexane/2-propanol 95/5; flow rate 1.0 ml/min; 
25°C; λ = 254 nm; retention time: 19.8 mins, 24.7 mins. 
 
2-(cyclohexylmethyl)-2-hydroxy-2,3-dihydro-1H-inden-1-one (77a). 
Colourless oil (1.6 mg, 46%). 1H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 
5.0 Hz, 1H), 7.64 (t, J = 10 Hz, 1H), 7.44 (m, 2H), 3.35 (bs, 1H), 2.28 (m, 
2H), 1.67 (d, 8.0 Hz), 1.53 (m, 7H), 1.18 (m, 5H) ; 13C NMR (125 MHz, 
CDCl3) δ 208.29, 151.64, 135.90, 134.24, 128.00, 126.84, 124.95, 80.26, 45.60, 40.68, 
  35.06, 34.91, 34.02, 26.41, 26.6; HPLC conditions: Chiralcel IC column (4.6 mm x 250 
mm); hexane/2-propanol 95/5; flow rate 1.0 ml/min; 25°C; λ = 254 nm; retention time: 24.3 












one (79a). Colourless oil (1.3 mg, 43%).  1H NMR (500 MHz, 
CDCl3) δ 7.49 (s, 1H), 7.28 (d, J = 5.0 Hz, 2H), 3.83 (s, 3H), 3.67 (bs, 
1H), 2.84 (m, 2H), 1.40 (m, 7H), 0.90 (t, J = 8.0 Hz, 6H); 13C NMR (125 MHz, CDCl3) 
δ 198.4, 156.7, 142.3, 138.2, 129.4, 121.3, 107.8, 55.8, 39.5, 38.2, 32.1, 25.9, 11.7; HPLC 
conditions: Chiralcel IC column (4.6 mm x 250 mm); hexane/2-propanol 95/5; flow rate 1.0 
ml/min; 25°C; λ = 254 nm; retention time: 20.8 mins, 23.7 mins. 
 
2-ethyl-2-hydroxy-6methyl-2,3-dihydro-1H-inden-1-one (80a). 
Colourless oil (1.4 mg, 47%)  1H NMR (500 MHz, CDCl3) δ 7.55 (s, 
1H), 7.44 (d, J = 5.2 Hz, 1H), 7.32 (d, J = 4.9 Hz, 1H), 3.23 (dd, J = 15.3 
Hz, 65.0 Hz, 2H), 2.63 (bs,.1H), 2.39 (s, 3H), 1.76 (m, 2H), 0.92 (t, J = 11.2 Hz, 3H); 13C 
NMR (125 MHz, CDCl3) δ 208.32, 149.06, 137.94, 137.13, 134.66, 126.45, 124.65, 
80.64, 39.57, 31.75, 21.20, 8.02; HPLC conditions: Chiralcel IC column (4.6 mm x 250 
mm); hexane/2-propanol 95/5; flow rate 1.0 ml/min; 25°C; λ = 254 nm; retention time: 34.3 
mins, 56.4 mins. 
 
2-isobutyl-2-hydroxy-2,3-dihydro-1H-cyclopenta(b)napthalen-one 
(82a)  Colourless oil (1.8 mg, 45%). 1H NMR (500 MHz, CDCl3) 
δ 9.02 (d, J = 10Hz, 1H), 8.09 (d, J = 10 Hz, 1H), 7.90 (d, J = 10 Hz, 
1H), 7.69 (t, J = 5.0 Hz, 1H), 7.58 (t, J = 5.0 Hz, 1H), 7.49 (d, J = 5.0 Hz, 1H), 3.45 (d, J = 















0.98 (d, J = 10.0 Hz, 3H), 0.90 (d, J = 5.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) 
δ 208.67, 154.85, 136.97, 133.06, 129.81,129.34, 128.57, 128.47, 126.96, 124.27, 124.01, 
 80.27, 47.40, 41.16, 24.84, 24.59, 24.33; HPLC conditions: Chiralcel IC column (4.6 mm x 
250 mm); hexane/2-propanol 95/5; flow rate 1.0 ml/min; 25°C; λ = 254 nm; retention time: 
27.1 mins, 49.8 mins. 
 
2-hydroxy-2-vinyl-3,4-dihydronaphthalene-1(2H)-one (84).  Colourless 
oil (1.8 mg, 68%). 1H NMR (500 MHz, CDCl3) δ 8.04 (d, J = 5.0 Hz, 1H), 
7.54 (t, J = 5.0 Hz, 1H), 7.35 (t, J = 5.0 Hz, 1H), 7.27 (d, J = 5.0 Hz, 1H), 
6.08 (t, J = 10.0 Hz, 1H), 5.28 (d, J = 40.0 Hz, 1H), 5.20 (d, J = 40.0 Hz, 1H), 3.97 (bs, 1H), 
3.16 (m, 1H), 3.02 (m, 1H), 2.34 (m, 2H),; 13C NMR (125 MHz, CDCl3) δ 199.47, 143.95, 
136.86, 134.31, 130.83 129.81, 128.02, 127.07, 117.15, 77.41, 35.57, 26.55; HPLC 
conditions: Chiralcel IC column (4.6 mm x 250 mm); hexane/2-propanol 95/5; flow rate 1.0 
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